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PREFACE 



E. A. BXaas. 



The investigation reported in this paper has been bo long in pri^resB 
and has engaged the attention of so many pereoua in varying d^rees 
that a brief statement regarding it is not out of place. 

In 1897 I publiBhed a paper on the Crustacea of the plankton of 
lake Mendota,' in which much attention was given to their vertical 
distribution. I there indicated (p. 428) that the exclusion of Crusta- 
cea from the lower water of lake Mendota in stunmer is due, in part 
at least, to chemical causes. I planned to ascertain the nature of these 
chemical conditions, but unforeseen changes in the duties of my posi- 
tion in the University of Wisconsin delayed the execution of this plan. 
In 1904 I resumed the study; I worked out the method of collecting 
and boiling samples of water substantially as described in this paper 
and also the method of securing correlated plankton catches. I had a 
trial apparatus made and with the aid of Professor Victor Lenher, of 
the department of chemistry in the UniverBity of Wisconsin, carried 
out several seta of preliminary observations on lake Mendota, which 
showed the general gas conditions found in the autumn in that lake. 
The chemical side of the study was then placed in charge of Dr. Len- 
her, who determined the practical details of the equipment and oper- 
ation of a field laboratory and who, with the assistance of Dr. B. C. 
Benner, carried out the chemical work in the field during the season 
of 1905. In August, 1905, Mr. Chancey Juday returned to the Sur- 
vey and at first took charge of the biological aide of the work. Dur- 
ing the next season Dr. Benner took charge of the t^nnistry, Mr. 
Juday of the biology, while, as before, I retained general auperrision 
of the work and assisted in all parts of it. 

During the seasons of 2907, 1908, and 1909, the field work of this 
Survey has been assisted by a grant of money from the United States 
Bureau of Fisheries : and the extension of our studies to the lakes of 



1 Tranaactloiui Wla. Acad. Sclencee, Tol. 11, pp. 274-46X. 
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northeast^n And northwcstem WiBoonsin has thus been made possible. 
This valuable assistance Is acknowledged with thanks. 

Chemical work has been done also bj Dr. B. B. Hall and Dr. Q. I. 
Kenunerer, who have very efficiently ta^ai duirge of field portieB. 
Several other persons have asaistAd in field woii:. In the wearisome 
counting of plankton catches, Mr. Juday has been aided hj Sirs. Ef- 
fie R. Mioheuer. 

Mr. Juday has taken an iacreasing part in the execution and super- 
vision of the work. From the first he has been reqionsible for the 
biology, and in later years for the chemistry also. He took full 
charge of the field parties in 1908 and 1909, when I was in the field 
for a short time or not at all ; and the entire task of writing the re- 
port (eotfi^t the introduction) baa been done by him. Both of ua 
axe^ however, respcoisihle for the reeults as I have given almost daily 
attention to the work and have constantly reviewed it in all stages of 
progrees. 

Professor Lenher has continued to look after the analytical work in 
chemistry and the gravimetric analyses of Dr. H. B. North and 
Mr. E. B. Hall were made under his care, as were the analyses 
of the residual gases by Mr. M. E. Diemer. We should also make 
special aoknowledgment of the assistance of Dr. R C. Benner, who 
gave much thought and care to Uie probleans of ihe laJiee, particularly 
those of the dieadved carbonates. He contributed greatly to the ap- 
l»Tciation of these problems and to their solution ao far as this has 
been reached. 

In the progress of these studies a great amount of chemical and 
biological data has accumulated which has not been used in this paper 
and remains aa part material for future studies. 

During the course of the inveetigation I have published six addresses 
and papers baaed in part on the material here reported. These are : 

The Thermooline and its Biological Significance ; Trans. Amer. Mi- 
cros. Soc Vol. XXV. 1903. 

The Osygeu dissolved in the Waters of Wisconsin Lakes; Trans. 
Amer. Fish. Soc Vol XXXV. 1906. 

The Respiration of an Inland Lake; Trana. Amex. Uioros. Soo. 
Vol. XXXVI. 1907. 

The Gases dissolved in the Waters of Wisconsin Lakes; Interna- 
tional Fisherlea Congress, Washington, 1908 ; Bulletin U. S. Bureau 
of Fieheriea. Vol. XXVIH. 1910. 
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The Evidence for Temperature SelcheB. 

An Unr^arded Factor in Lake Teuxperatures. Both published iu 
tilt- Trans. Wis. Acad. Scieiicfri. Vol. XVI, Part 2. 1910. 

Ur. Juda; has published the foUowing paper : 

BeeumS oi recent Work on Lakee I7 the Wia. OeoL and Nat. Hist. 
Survey; Intemat. Rev. Gesamt. HydrobioL u. HydK^aphie. Vol I, 
1908. 

The following papers (published in the Trans. Wis. Aoad. Sciences. 
Vol. XVI, Part 1) deal with certain phasee of the relatiMi between 
animal life and disBolved gases; their re6ult« are summarized, with 
additions, in parts of chapter VI of this repeat: 

A Summer Itesting Stage in the Development of Cyelope bicuspt- 
datv* Glaus; E. A. Birge and 0. Juday. 

Some aquatic Animals that live under anaerobic ConditionB; 
C. Juday. 

Dissolved Oxygen as a Factor in ttie Distribution of Fish ; C. Juday 
and G. Wagner. 

Attention should also be called to a paper by Mr. Juday: 

The Diurnal Movement of the Plankton Onistaeea. Trans. Wis. 
Acad. Sciences. Vol. XIV. 11)04. 

This paper was among the first to call attention to the variety and 
complexity of the biological problems offered by lakes, even in cases 
where the problems appeared at first sight to be capable of relatively 
EtimpJe solution, and to show the neceeeity of studying the biology of 
plaukt^m animals in their natural enviromnent rather than in the 
laboratory. 

Reference should also be made to the following publications of Ili<> 
Wisconsin Geological and Natural History Survey: 

Lakes of Southeastern Wisconsin, by N. M. Fennemann. Bulletin 
Na VIII, second edition. 1910. 

The Plankton of Lake Winnebago and Green Lake, by C. Dwight 
Marsh. Bulletin No. XII. 1903. 

Ten bydn^aphic maps have been published, covering the principal 
lakee and lake districts of southeastern Wisconsin. 

A bulletin is now in preparati(m which givee in detail the data per- 
taining to the hydrography of the lakee in southeastern Wisconsin 
that have be^ surveyed, and which also givee such facts on the hy- 
drography of the lakes in the northeastern and northwestern part« of 
the state as were obtained during the progress of these studies. 
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A lai^ amount of literRture has been consulted in the {Mvpftration 
of this Teport, but comparatively little has been found which relates 
to the particular phases of the subject that are presented here. This 
accounte for the small list of references, because only those papers 
which have a direct bearing on the subjects discussed, have been cited. 
For more general lists, the reader is referred to "Das Siisswasser" by 
K. Knauthe and to "Planktonkunde" by A. Stener. 
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INTRODUCTION 



The following report deals with the dissolved gases of the inlaBd 
lakes of WiBoonsin. It reports the distribution of these gases in num- 
erous lakes and the cause of variationa in distrihution due to depth and 
season. In this introduction we purpose to sketch briefly the prin- 
ciples which are more fully stated and illustrated in the succeeding 
pages. 

The lakes studied are not large, as the area does not exceed 40 sq. 
km. (15 sq. mi.) ; nor are they veiy de^, since the maximimi depth is 
73 m. (287 ft.). They are glacial lakes, usually placed in drift 
basins; with low banks; and are either fed from the ground water or 
have relatively small affluents. They are covered with ice during 
several months of the winter and the surface temperature ordinarily 
reaches a maximum of 27°-30'' during the summer. 

The cycle of the seasons induces a corresponding <^ele of physico- 
chemical changes in the water of these lakes, chiefly conditioned by 
temperature. The lake starts in spring with a uniform temperature 
below i°, when complete circulation of the water is possible. The ad- 
vance of summer quickly checks circulation by warming the surface 
water, and soon produces a perman«it thermal stratification. This 
leads on to the formation of an epilimnion,* sharply separated from 
the cooler water by the tbermocline. This situation may be developed 
in small lakes as early as the opening of May ; in larger lakes it may 
not be completed before the first of July. The e^nlimnion thus formed 
varies in thickness, in midsummer, from 3 m. in small lakes, to 
10 m.-12 m. in lai^ ones. After the epilimnion is established circu- 
lation is confined to this stratum of the lake and is very imperfect 
even there so long as the lake is gaining heat. As autumn comes jn 
the lake cools, the epilimnion increases in thickness ; finally the lake 

' B7 epiUmnion is meAtit the upper slratum of witter found in summer, abova 
the theraiocline. and whoRe temperature is nearly uniform. The region below 
the thermocline mny be called ihe hypolimnien. See Birfre. On the evidence for 
temperature seiches: Trans. Wis. Ac&d. Sciences, vol. XVI, pt. 2. p. 1006: IMS. 
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"turns over" and becomes homothenBous ; and the fall period of full 
circulation begins. This happens at a time wbich varies from late 
September to December, according to the area and depth of tie lake. 
It lasts until the lake is frozen, which may occur in late November or 
early in January, Taiying with lake and season. Circulation then 
ceases until spring. 

Thus during the greater part of the year, free circulation of water 
and consequent exchange of gases with the air are much restricted 
or wholly out off. The lake is saturated with gases from the atmos- 
phere in the fall and in early spring. As soon as direct thermal 
stratification appears, the lower water begins to be excluded from the 
circulation and consequently from contact with tiie air. This ^- 
* elusion may be interrupted by violent winds which temporarily restore 
circulation. But it soon becomes permanent ; and the stratum of cir- 
culating water becomes increasingly thinner until the thermoeline ap- 
pears and the permanent summer conditions are established. Thence- 
forward, until the overturn, only the water of the epilimnion can have 
direct contact with the air and only indirect exchanges are poaaible for 
the gases of the lower water. Practically, the lower water is cat off 
from the air. 

Superimposed on this annual cycle, determined by the march of the 
seasons, is another series of physico-chemical changes due to the plank- 
ton inhabitants of the lake. These consume certain substances dis- 
solved in the water, manufacture others; add some materials to the 
water and snbtraot others. This is done in the most complex fashion, 
varying with the kind of plankton and with many varying conditions 
in its life and environment 

It is convenient to group these activities, so far aa they relate to 
gaaee, under two heads; those which liberate ox^en and those whidi 
consume it. A correlative classification would be into those processes 
that consume carbon dioxid and those which liberate it. The first 
class includes the photosynthetic activities of plants; the second com- 
prises the respiratory processes and those of decomposition. 

Photo^nthesis consumes carbon dioxid and liberates a correspond- 
ing amount of oxygen. It demands a certain quantity of energy in the 
form of light. It is therefore ;nost vigorous near the surface, and is 
limited to a stratum of the lake, whose thickness varies with the color 
and turbidity of the water. In highly colored or turbid lakes the 
zone of photosynthesis may be only 2 m.-3 m. thick ; in clear lakes it 
may extend to the depth of 10 m, or even farther. The oxygen ocm- 
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tents of this z<mi© vary with the ratio of the liberated oxygen and that 
absorbed from the air to that oonsumed by reepiratitm and deoompo- 
aition. la the water below, the amount of o^gea will depend on the 
TRte of oonaiiiBpticHi as oompared with the rate of supply by diffomon 
from the upper stratum, or by oiroutati(m due to temperature changes 
or to wind. 

In the zone of photosynthesis the oxygen may be present in sufB- 
cient quantity to saturate the water. It may rise abore this amount, 
especially if circulation of the water ie hindered by calms; if photo- 
syntheeia is slow the oxygen content may siiik below saturaticHL In 
an opaque lake the zone may not extend to the tbermoctine; and in 
periods of deficient circulation the oxygen content of the lower part 
of the epilimnion may become low. In clear lakes, especially if they 
are small, the zone may extend below the epilimnion and so below 
circulation; and in these cases a largq exoess of oxygen may aooumn- 
late at the region of the thermocline. 

In the proceeses of photoeyntheais the carbon dioxid in Uie water is 
consumed. It« sources are four: from the air, fnnn ground water, 
&om tlie decomposition of organic matter and from Teeiarati<»L, Uld 
&om dissolved bicarbonatee of calcium and magneaium. The air 
seems to afford only a small supply ; and the same may be said of the 
ground water under ordinary oouditione, although this source may 
be important in small, spring-fed lakes. 

The process of respiration consumes oxygen and sets free carbon 
dioxid at all depths where animal and plant life occur. Ite effeots 
on the dissolved gases can hardly be separated from those of decom- 
poeitiim. This process, too, goes on at all depths, consuming o^^gen 
and liberating cartwn dioxid. But as both animals and plants sink , 
after death, most of the dec«npo6ita<m goes on in the deeper wxter, and 
eepecially, close to and at the bottom. There is ordinarily an aocumn- 
lation of free carbon dioxid in the lower water incresaing with the 
depth, and a oorrespODding reduction or exhaustion of oxygen. Aftsr 
the oxygen is used up, anaerobic decomposition continues, with en^u- 
tion of carbon dioxid, methane, and oarbon monoxid. The lower 
water of a lake forms a zone of decomposition, wliose proceeses are 
most vigcRYms at the bottom and decrease in intensity u|mard. It 
. should be observed that this term is applied to the r^on where de- 
eomposition is the predominant process and irtiere most, llioa^ by 
no means all, of the decay occurs; while the zone o£ phoCo^nthesis 
includes the stratum where all the photoenrntfaefia ooootb. 
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Thus the vertical distribution of gasee in a lake ia indicative of 
fundamental biological facta. The quantity of life which the limnetic 
region of a lake can support ia in general a function of tJie amount 
oi green planta which it can produce, Thia in turn i* limit«d lai^y 
by the quantity of carbon diond available for photoeyntheeis. If a 
lake is so shallow that the whole of the water ia circulated, the zones of 
photosynthesis and decomposition overlap and the carbon dioxid can 
readily be used over and over again with correspondingly vigorous 
growth of plants. If, however, an epilimnion is formed, none of the 
carbon dioxid liberated below it can be used in the upper water until 
circulation extends downward. Thus much of the carbon dioxid may 
be locked up in the lower water until late in the fall, when the period 
of growth has passed. In lakee containing much plankton a large 
share of it may be decomposed under anaerobic conditions, yielding in 
put methane and peaty products which are iJot available for far- 
ther use in the lake. 

The zone of photoeyntheeis is, under ordinary conditions, subject to 
a continual loes of part of its stock of carbon dioxid by the sinking of 
dead and dying planktonts. Thia is only very partially replaced from 
the air or other eouroee. Since this is the case, the form of the lake- 
basin ia of importance in the economy of the lake. A lake with 
shoal margins, offering a chance for much decomposition above the 
thermooline will produce — ol^er things being equal — more plankton 
than a lake of similar area, but with steep slopes and deep water. In 
the latter case, almost all matter manufactured near the surface is 
decomposed in deep water below the region of circulation; and there- 
fore is more or less permanently withdrawn from the possibility of 
being used again. 

Under these conditions, the carbon dioxid available for plants in 
the disaolved bicarbonates becomes a valuable supply. Lakes con- 
taining a large amount of these substances possess a source of carbon 
dioxid lacking in soft-water lakee, and can therefore support a larger 
population of plankton. The reduction of the bicarbonates to monocar- 
bonates gives an alkaline reaction to the upper stratum of the lake. 
These monocarbonates must take up the carbon dioxid liberated in the 
upper water by respiration and decomposition, and more will be ab- 
sorbed from the air than is possible if free carbon dioxid is already 
contained in the water. Thus the presence of an abundance of dis* 
solved carlwnates increases the supply of carbon dioxid for plant use, 
both direcUy and indirectly ; directly, by the original stock of half- 
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bound carbon dioxid in the bicarbonates ; indirectly, beoauae the 
monocarbonates take up more carbon dioxid from the air than would 
he absorbed without their aid, and also absorb that liberated in the 
upper water by refipiration and decay. Much of thiE last would es- 
cape into the air, eBpecially at night, if not so absorbed. 

Id such lakes the epilimnion is permanently alkaline during the 
summer, which shows that more carbon dioxid is withdrawn from the 
bicarbonates than is supplied to them frtan other sources, and more 
than is made good at night. The process goes so far that monocarbon- 
ates, especially calcium carbonate, are precipitated, to be redisaolved 
by the free carbon dioxid in the lower water or to accumulate in the 
mud at the bottom. 

The preceding paragraphs must not be understood to affirm that 
the productivity of a lake is wholly determined by the amount of 
available carbon dioxid. Many other factors, physical and chemical, 
are concerned and but little is yet known about them. It ie cer- 
tain, however, that all chemical substances which contribute to deter- 
mine the amount of plankton are subject to reduction by sinking of 
the dead plants and animals and to limitations on repeated use, due 
to deficient circulation, just as is the case with carbon dioxid. 

The inhabitants of an inland lake form a closed community in a 
stricter sense, perhaps, than the term can be applied to any other 
non-parasitic assemblage. The number of species living under these 
conditions is small and closely similar in different lakes. Only smail 
additions are made to the food supply from without and Ulcso come 
slowly. The lake is dependent on its own stock of green plants for the 
stock of organic matter available for food of other organisms; and the 
possible amount of green plants is limited by the raw material sup- 
plied for photosynthesis from the lake itself. The critical factor 
then, in the economy of a lake with small in-aud outflow of water, is 
the provision for the vertical circulation of the water in the lake. 
But this circulation is very imperfectly effected at best, and is often 
wholly absent for most of the water. 

All of these factors cooperate to produce an annual cycle in the dis- 
tribution of the dissolved gases, whose fundamental features are the 
same, but whose details differ endlessly in different lakes. The gen- 
eral story and its more important variants are shown in the follow- 
ing chapters. 

Many details of the story, however, are not completely ex^aine-1 
by these general principles and much more work must be done before 
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tbej are follj understood. Our experience has led us to ezpeci 
that certain individual peculiaritiee will recur in certain lakes 
Theee eloeed assemblages of planta and animals have lived together 
in a limited environment, since a time which goes back nearly ii 
the glacial period. It seems aa if they had acquired certain habitua 
actions and reactions upon each other and on the environment, whos 
details differ in individual cases — physiological variations in th 
assemblage and its units not unlike the morphological variation 
seen in the forms of Daphne from different lakes. The observation 
here recorded show many cases of this sort, at present unxplainec 
which wider study may place under general laws or in special catf 
gories. 

f he animal plankton has not shown any dose oorrelatioD with th 
dissolved gases, considered either with reference to kind or quantity 
These gasee seem to have no chemotactic effect on the zooplanktoi 
nor do the gaseous products of decomposition, as they exist in lake 
appear to have any unfavorable effect on the animals, such as migl 
determine their distribution in tbe water of the lake. The zooplani 
ton is excluded from water whose supply of oxygen is too small 
but Bensitiveness to deficient o^gen does not appear until the supp) 
of the gas is much reduced. These animals do not begin to wit! 
draw from water until the osygen supply is reduced to 0.2 cc. c 
0.3 cc per liter — a very small percentage of the normal amoun 
Few animals remain in water which has less than 0.1 cc Thus tl 
whole phenomenoD of response to declining oxygen takes plai 
within very narrow limits in the quantity of the gas. It has bee 
possible, therefore, to give only broad and general conclusions in th 
matter and we have not been able to work out exact correlations f< 
the various species or other groups. 

As our work has progressed we have been increasingly impress* 
by the complexity of the questions involved. This has become mo: 
and more manifest as our experience has extended to numerous lak 
and to many seasons. If this report had been written at the clo 
of the first or second year's work, it would have been mu(^ mo 
definite in its conctusions and explanations than is now the caa 
The extension of our aquaintance with the lakes has been fatal 
many interesting and at one time promising theories. The r 
suit is that in the report many chemical and biological problems a 
only partially solved and some are barely indicated. Such are qut 
tions connected with the excess oxygen at the thermocline and esp 
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cially the relations enlisting between the amount of dissolved carbon- 
ates and that of die plankton. 

It may not be out of place to state briefly our view of the results 
of this inveetigation, and also of some of the unsolved questions on 
which it touobes. It is a study in the statistics of lakes and from 
that point of view must be judged by the quantity of observed facts 
wliich underlie it and by the way in which the facts are handled. But 
the facte also represent the effect of processes which go on within the 
lake, and the report should show the relations between the changes 
in dissolved gases and these other processes. 

We believe that judged from the first point of view this report 
^ves a reasonably full account of the dissolved gases in the waters 
of WisoMiein lakes. It sets forth in sufficient detail the facts of the 
kinds, the amount, and the variation of these gases ; of their vertical 
distribution ; of ih? effect of the seasons and the plankton on quantity 
and distribution; we have been able to distinguish the different types 
of lakes which result from these facts. 

But even though we may feel that this investigation is reasonably 
adequate from the statistical point of view, we are sure that no 
reader of the paper is more keenly conscious than ourselves of its es- 
sentially fragmentary character, when judged on another and much 
more important side. This study is fundamentally concerned with 
one aspect of tiie physiology of a lake, and therefore with a yet al- 
most wholly undeveloped science. Perhaps the chief interest which 
our work has had for us has been the fact that ifa progress has re- 
vealed to us the existence of phy8iol(^cal processes in lakes as com- 
plex, as distinct, and as varied as those of one of the higher animals. 
The processes which we have studied are intricately bound up with 
physical, chemical, and biological processes of every kind, of which 
limnologists are still in large measure ignorant. If the story of the 
dissolved gases is to be adequately told, there is needed a quantitative 
knowledge of the chemical results of the vital processes of the plankton 
plants and animals; a knowledge of, which we possess hardly a begin* 
ning. We need a similar knowledge of the processes of bacterial de- 
composition in lakes, whose accurate study still belcmgs to the futora 
In spite of this ignorance, we have not hesitated to put forward our 
conjectures regarding the meaning of various changes in the gasea 
and their relation to other processes; fully expecting that many of 
these conjectures will prove erroneous, and sure that future knowledge 
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will render all of them inadequate. But we know of no better way 
to direct att^Ltibn to problems wfaidi need study than to indicate the 
probable, or possible, connection of the changes which we have found 
in the dissolved gases with other proceseea of lake physiology. 

Various papers which have been recently published on the problems 
of limnology show that the soienoe ia passing from the initial stage of 
the collection of more or less disconnected facts to that of the eetab- 
lishment of principles. It is becoming clear that the duty of lim- 
nologica] stations is primarily with biological questions, with the 
study of oi^anisms in their natural environment. Wesenber^Lund, 
in his recent statement of limnologtcal problems* justly emphasizes 
tills point The origin of the fauna of our lakes, the nature of the 
"species," the relations of the several members of the plant and animal 
plankton to their environment and to each other ; all these and many 
other questions of limnology have great interest and great scientific 
importance. But there is another aspect of the subject, as yet little 
considered by limnolt^ats but which our studies have impressed upon 
us. This is the physiology of the lake as a whole — the physical and 
chemical processes in the lake, which reeult from the influence of its 
environment and from that of the organisms living in it. These 
processes differ in different lakes, for reasons partly external to the 
lakes and partly internal. The area, depth, and shape of the lake; 
the chemistry of its wftter supply ; the number and kind of organisms 
that it contains; these and many other matters affect the lake in a 
complex fashion, and cause it to pass through a series of changes 
which may not improperly be called physiologicaL In preparing 
this report we have studied more than ISO lakes, not widely sep- 
arated in distance or greatly different in cliitiatic or topographic con- 
ditions. They are of substantially the same age, all dating from the 
close of the last glacial period. Their fauna and flora do not diffw 
widely in range of forms. It might, therefore, be expected that the 
story of the dissolved gases in the several lakes would be similar. 

Yet there are the widest differences in the process whidi we have 
studied and which may fairly be called the rpppiratorv processes of 
the several lakes. These in turn are the reflection of differences — 
qualitative and quantitative — in the amount and nature of other 
processes, due in part to the substances dissolved in the water of the 
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several lakes and in part to the amount and the activitieg of the 
plankt(m and the reaction of its several members on each other and 
their environment. We find unexpected individuality in the story of 
the gases of each lake, and also a grouping of lakes into classes which 
agree in the essentials of the type of respiratory processes. /Thus it 
seems to ns that it is possible to study not <^y the biology of tiie 
several plankton spedee but also the physiology of lakes, both in its 
relation to external conditions and internal processes. It seems also 
that this study will yield results of great sci^itific and practical in- 
terest. One general question may be named, whose answer is as yet 
almost wholly outside of our knowledge and yet is of great importance 
in every way. Why is it that different lakes differ so widely in pro- 
ductivity or in ability to support a population of plankton t The 
lakes are equally old; they may have the same species of plankton; 
their tempwature may not differ widely; the chemistry of their water 
is not greatly different; they have had apparently the same chance for 
development; yet the results are very unlike. This is a problem whose 
solution will demand the answer of many subsidiary questions. Those 
will concem'not only the biology of the several plankton spedee but 
the study of the relation of the collective plankt(m to the lake and of 
the interrelations of its members. Such matters, for Instance, as the 
food supply of the algae in the lakes as influenced by the inoiffanio 
and organic substances dissolved in the water, by the area and depth 
of the take, and the form of the lake basin ; the effect of the several 
crops of algae on their successors, by withdrawing certain subetancee 
from the zone of photosyntheeis and adding others; (these are ex- 
amples of questions whose solution demands not merely a knowledge 
of the biology of the several species of algae, but also the study of the 
several lakes as physiological individuals of a higher order. This 
point of view we have tried to keep in mind in our inrefltigat3ons.j 
Our knowledge of these matters is still so fragmentary that we can- 
not believe that we have contributed greatly to their ultimate solu- 
tion, but th^ have been very vigorously impressed on our minds by 
the study of tlie dissolved gases, and wa hope that we have suooeeded, 
at least, in indicating some of the queeticms which have been raised 
and some of the lines along which study may be profitably directed. 
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"So bietet aioh also eine Fiille von anerlegtea Fragoa dar, eobald 
man daran g^t, die Schicksale dee im Wasser abBorbierten Sauer> 
stofEs naher ina Auge za faasen; ober wix diirfen die KeimtniB der 
Vertealnng dee Sauerstoffdefizits in deu Terscluedenea WasserBchicIi- 
ten als den ersten Sohritt ansehen auf dem W^o, der zar ErkenTitnie 
der VoTgflnge fiihrt, welche sich dnrch daa I-ebaii der Oigamamen im 
Waeeer von Seen und Meeren voUzidiaD." 

Eoppe-Seyler, 1895. 
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CHAPTER I. 



BCOPB AMD METHODS OF THB INVBBTIQATIOH. 

PrftlimiTiary work for the purpose of testing metboda and porfeot- 
ing ai^aratUB for these inveetigations was begun in 1904, but the 
regular obserrationB oa whidi this report is based did not be^ un- 
til August .1', 1906. The primary object wag to make a general but' 
T6y of lakes situated in various parts of Wisconsin in order to asoer' 
tain the status of the physical, cljemical, and biol<^eaI conditions 
whioh exist in tiieon. Climatic and other conditions in the northern 
part of the state are very difFerent from those in the aoutliem part 
and it seemed desirable to ascertain the eEEect of tliese differences on 
iimuological oonditions. It was also the purpose to obtain data for 
compariscms between lakes belonging to the same group, or between 
lakes not widely separated, whioh would thus be subject to the same 
general climatic conditions. This general survey has now been sub- 
stantially completed and, as it is the present plan to take up special 
problems, it is thought best to give the more salient results that have 
been obtained during the general surv^. 

During the progress of this work observations have been made on 
1S6 lakee. Of this number, 151 are looatad in Wisconsin, 1 in 
Kiohigan and 4 in Indiana. The lake which is situated in Hichi- 
gan will be conBidered along with a Wisconsin group since it in real- 
ity forms a part of this group bnt tlie Indiana lakee will be discuased 
as a separate group. Eou^y speaking, the Wisconsin lakes that 
have beeoi vifdted belong to t^ee groaps : (a) 26 are more or lees 
widely scattered in the Bontheastem quarter of the state; (b) one 
lai^ group lies in northeastern Wisconsin; and (c) another group 
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IB situated in the nortlnreBteni part of the state: (See Aetch maps, 
' , 1 and 2.) 




During the first two years the iaveatigationa were confined to the 
lakes in southeastern Wisconsin, Out of the total number of lakes 
visitad, some of the more important ones were selected and studied 
more fully during the different seasons, especially in spring, sum- 
mer, and autumn in order to obtain as adequate an idea as possible 
of the rarious physical, chemical, and biological changes which take 
place during theee seasons. The results obtained on these lakes also 
furnished a basis for the interpretation of results obtained on others, 
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which for various reasons it has not been poasible to visit more than 
once or twice. During the month of August in 1907, in 1908, and 
in 1909, through aid received from the U. S. Bureau of Fisheries, 
it was possible to make inveatigationa on a number of lakes belong- 
ing to the groups in northeastern and northwest^n Wisconsin. The 
lakes in these two districts which have been visited from one to three 
times each, number 122, only eight of which, however, have been 
visited more than <«ioe. 

The lakes vary widely in size, ranging in area from about 0.05 sq. 
km. in the smallest to 39 sq. km. in the lai^est In depth there is 
also a wide variation, railing from 3 m. or 4 m. in the shallowest to 
72 m. in the deepest; 37 do not exced 7 m. in depth; 30 have a depth 
of 8 m. to 10 m. ; 31 are between 10 m. and 15 m. ; 26 between 15 m. 
and 20 m, ; 17 between 20 m. and 25 m. ; 10 between 25 m. and 30 m. ; 
and 5 are more than 30 m. deep, of which one is 72 m., on© is 43 m. 
and the other three 31 m. to 33 m. 

With one exception all of iheee occupy basins in glacial drift and 
their shores, of course, are composed for the moat part of the usual 
drift material. In general the shores of the lakes in southeastern. 
Wisconsin are composed of _coarser and more gravelly material, 
while the shores of the lakes in the northeastern and northwestern 
parts of the state are composed chiefly of sand. 

During the five years in which this work has been carried on, a 
total of nine hundred series of dissolved gas determinations, more 
('Si^ecially of the oxygen and carbon dioxid, have been made on these 
lakes. All of these observations have been taken into account in the 
preparation of this report but a very large part of the data is not 
shown by diagrams, nor in the tables of the appendix, because 
much would be substantially a repetition of results that are given. 
In fact, it will be noted that there are marked similarities between 
many of the sets of results that are shown either in the diagrams or 
in the tables, but they were selected largely for the purpose of em- 
• phasizing this very point. In the selection of the data to be pub- 
lished a two-fold purpose has been kept in mind. In the first place, 
it has been the aim to choose such material as will give a good notion 
of the more general changes which the lakes of a certain type pass 
through in their seasonal and annual cycles and in this way to in- 
dicate what may be called the generic changes in the various types 
of lakes. In the second place, material has been selected for the 
purpose of showing the individual peculiarities or specific character- 
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isticB exhibited in a more or less marked d^ree by all lakes, but espe- 
cially marked id some at certain times, such as Beasley and Knights 
lakes. 




.i 1, OkauclM* lake VHt, and OcoDOmcwoo lam almMt looth of 1. 

NacowlckB lake il northtut ol t, with pine uld Mortb UkM conttnuliic tb« dialii 
to tba DOTtta. PawaokM lak* Ii marked i. 
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Methods of Dbtbbmikino the Amount of Dissolvbd Oztqen. 

During the first year the o^gen dissolved in the water was 
determined hy the boiling method. In order to meet the demands of 
a field campaign, a special type of oontainer for the samples of 
water was derigned. It was desirable to have a sample container 
which could be readilj handled in a boat or on shore without danger 
of being broken, and also one which could readily be pa<^ed and 
shipped from lake to lake. To moot these requirMnents, copper cans 
holding about three liters each were used. Some idea of the general 
shape and structure of these cans ma; be obtained from fig. 3. 'Hie 
can proper (A) is about 30 cm. high and the stop-cock and tube add 
about 8 cm., making the total height about 38 cm. The body of the 
can is 13 cm. in diameter. The two tubes in the cone-shaped top of 
the cans are fitted with adjustable brass stop^iocks so that they can 
be kept air tight. In order to detwmine whether the seams of the 
cans and the stop-cocks were air tight the cans were tested occasicKQ- 
aHy by forcing air into them with a large bicycle pump while they 
were immersed in water. The tube at the apex of the can (C, fig. 3) 
is attached fiush with the top of the can while l^e side tube (B, fig. 8) 
extends to the bottom. At the outer ends these tubes bear threads 
80 tiiat pieces of rubber hose can be readily attached to them by 
means of couplings. In obtaining a sample, the water is taken into 
the can through the side tube (B) and passes out through the apex 
tube (C). This insures a complete flushing of the can and oonse- 
quently the ranoval of all water that may enter the can from some 
depth other than that at which the sample is desired. 

Two small pieces of copper (H) each perforated by a hole^ are at- 
tached on oppoflite sides of the frustum of a cone at the bottom of the 
can, forming two ears into which a spring bail can be easily fastened. 
A small calibrated chain is attached to this bail so that the sampling 
can may be readily lowered to the depth from which a sample is de- 
sired. The sample is taken in the following manner. The can 
is first filled with surface water so that it will sink. One end of a 
rubber hose having an opening of 1.5 cm. is attached to the apex tube 
of the can and the other end of the hose is attached to a No. 1 semi- 
rotary or clock pump. After attaching the bail, the can is lowered 
into the water right side up and considerable water is pumped 
through in order to remove any air that may enter the can or hose 
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while they are being connected. Then the can is turned upaide down 
under water and lowered to the desired depth by meana of the cali- 
brated chain. A oonsiderable quantity of water, usually 4 to 5 timee 
as much as the can will hold, ia pumped through in order to flush out 
all of the surface water. After about twice as mudi water as the 
can, hoee, and pump will hold, baa been pumped through, the dis- 
charge hose of the pump is placed in a plankton net and from 5 to 15 
liters of water are strained for a plankton catch. The can is then 
raised to the surface and the stop-cocks are closed while it is still 
under water. It is next lifted into the boat and detached, being now 
ready for the boiling prooess. 

The sample is taken while the can is npside down and raised to 
the surface in this position in order to prevent the loss of any gas 
which may be given off by the sample owing to the decrease of the 
pressure as the sample is brou^t to the surface. Should any gas 
be set free it would collect at the bottom of the can and would thus 
be saved for analysis. It was soon found, however, that the de- 
crease in pressure did not liberate an appreciable amount of gas ex- 
cept in the lower water of two lakes, so that this precaution was gen- 
erally unnecessary and was discontinued except in the two instances 
cited above. The exceptiona were lakes in which the lower water 
contained very considerable amounts of free carbon dioxid and 
methane. After it was learned that the above precaution was not 
necessary the method of taking the samples was modified. Instead 
of lowering the cans, only the intake end of the hose was lowered to 
the desired depth, and two cans, as samples were generally taken in 
duplicate, were connected in series and were lowered into the water 
right side up only far enough to completely immerse them. Enough 
water was thai pumped through to thoroughly flu^ them, and their 
further treatm^it was the some as indicated above. ' 

The arrangement of the af^>aratuB for the process of boiling the 
water and collecting the gas is shown in fig. 3. The can is placed on 
ft plumber's torch (D) and a block tin condensing tube (E) which 
poBsesses a hose coupling at one end, is attached to the apex tube of 
the can. The other end of this paaaee under a glass receiver (F) in 
which the liberated gas is collected. At the upper end of the tube, 
there is a stop-coek (G) through which this tube and the tube of the 
can are filled with boiled water so as to remove all traces of air from 
them. The tin discharge tube is coiled at the lower end and this por- 
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tirai together with most of tlie receiver is immereed in oold water. 
This eaiables one to conm)l the bvimping reeulting from the vigorous 
boiliag and, in this way, prevmits ite becoming .violent enough to d&m- 
age the receiver. It also enables one to control the amount of steam 
entering the receiver. If too much steam is admitted the receiver will 
be filled to overflowing and some of the dissolved gases will be forced 
out along with the steam. During the process of boiling, the lower 




.r bolUos the lunplt of water utd toDsctliiC tlu (■■. 
= lample cut with tub«j B uid O wbldi us conOMtvd w)tb 
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end of the discharge tube and the lower end of the receiver are im- 
mersed in a small basin of mercury so as to maintain a mercury seal, 
but the gas is collected over water in the receiver. The sample of 
water is boiled vigorously for about five minutes. At the end of this 
time the boiling is stopped, the receiver ie raised out of the cop of 
mercury and the gas obtained is transferred from the receiver to a 
water-jaclteled burette for analysia. 
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Tlie quantity of tiiis gas is then noted and it is transferred to a 
pipette ocmtaining a strong s(dation of EOH wbic^ absorbs ihe car- 
bon dioxid. The residue is then returned to the burette and meas- 
ured, after which it is transferred to a pipette containing eidier 
phosphorus or an alkaline solution of pyrogallio acid for the runoral 
oi the o^gen. Fhosphonis was used almost entirelj for this pur- 
pose B8 it was moro convenient, requiring no attention after the gas 
vaa transfored to the pipette until the oxygen was all absorbed. 
The gas rffluained in OHitaot with the moist sticks of phosphorus for 
5 or 10 minutes. For purposes of comparison the pyrogallic acid 
pipette was occasionally used for the duplicate samples in order to 
chet^ the phosphorus method. Occasionally also samples were ob- 
tained from which the phosphorus would not absorb the oxygen in 
^te of tlte fact that 25 to 36 per cent, of the gas was oxygwi, and in 
such instances pyrogallic acid was used. In graieral the gas which 
remained after the removal of the carbon diozid and oxygen was 
regarded as nitrogen. In scnne lakes, however, this residual gaa 
from samples of the lower water contained more or less methane as 
will be noted later. 

A small thermometer was fastened between the burette tube and 
the water-jacket tube and the temperature of the water surrounding 
the burette was noted at the time of reading the gaa volumes and 
in the calcaIati<mB this hae been r^arded as the temperature of 
the gas. The barometer readings at the Madiscm Station of the 
IT. S. Weather Bureau, with oorrections for the differencea in elevation 
between the w'eather station and the varioaa lakes, have been used in 
making the ccmiputations. 

In this method of boiling the gas was driven from the sample 
can over into the receiver against a pressure a little greater thas 
that of the atmosphera This raised the question whether the gas 
was all driven over into the receiver during the usual period of 
boiling and about a dozen tests were made in order to answer this 
query. Two small stcq>-Goc^s were soldered into the tin condensing 
tube near its lower end. One of these was arranged so that the 
tube leading to the regular receiver could be closed at will, and 
opening the other oouneoted the discharge tube with a series of three 
bottles as shown in fig. 4. The first bottle (C) was used as a re- 
ceiver for the gas and was completely filled with boiled water still 
hot. The second (B) was only partially filled with water and the 
air space in it was oonnected with an exhaust pump by one tube and 
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with the third bottle (D) by another. The third botde contained 
some mercury and a barometer tube (G) whidi served to indicate 
the amount of decreaae in the atmoopheric pressure during the boil- 
ing procees. The first and second bottles were kept under water 
during the experiment. A sample was boiled 5 or 6 minutee in the 




1 appaiitua and (or bolllDS tl 

iimBuni. -J ig botttt Id whIch the g» !b coL .. 

exhaust pump tluouBb tube F, and bottle D eoutalni a baromnar tube G 



usual way, that is, the gas was forced over into the receiver against 
a pressure slightly greater than one atmosphere. Then the stop-cock 
leading to the regular receiver was closed and that leading to the 
series of bottles was opened and the boiling was continued for 5 i^o 
20 minutes under a pressure considerably less tlian one atmosphere. 
In one experiment the height of the mercury column in the barometer 
tube was only 150 mm. but in most cases it was about 230 mm. 
The sample container itself was so arranged that the stop-cocks oould 
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be covered with water and as inaBj of the oonnections as poesible 
were kept under water in order to prevent leakage of air during the 
boiling under diminished pressure. Carbon dioxid caoLe off in con- 
siderable quantities and doubtless would have continued to do so un- 
til the water was boiled to dryneea, as other observers have found. 
Only a very small quantity of gas was left in each experiment, how- 
ever, after the carbon dioxid was absorbed. The average of several 
trials amounted to 0,2 cc of gas per liter of water, the minimum 
being 0.06 cc. and the maximum 0.6 cc The quantity of the resid- 
ual gas was so small that it waa difficult to determine whether part 
of it was oxygen or not but the residual gases from two experiments 
contained no oxygen whatever, while six other testa showed from 0.02 
to 0.06 of a cubic centimeter of oxygrai per liter of water. These 
experiments show then, that not enough gas, especially oj^gen, waa^ 
Two trials sbowed, also, that in the regular method practically all 
lost by the r^^lar method of boiling to affect the results appreciably." 
of the gas waa driven over into the receiver by a vigorous boiling 
lasting only 3 minutes and in anodier test tiie same amount of ozygea 
and nitrogen was obtained from duplicate samples, one of which 
was boiled 3 minutee and the other 10 minutes. 

Some determinations were also made with a Tenax apparatus 
but the results obtained were ao luireliable that the apparatus was 
discarded, Miiller,^ Cronheim,' Knauthe* and others, also, have 
found that the Tenax apparatus does not give reliable results, the 
o:^gen generally being too low and the nitrogen too high. 

The results of the first season's campaign showed that a more 
thorough study of the diasolved oxygen was very desirable and, as 
the boiling method required so much time for each sample that it did 
not permit the handling of a large number daily, it was abandoned 
and a titration method was adopted for the determination of the 
oxygen. This resulted, of course, in the discontinuance of roller 
determinations of the dissolved nitr(^;en, but it was felt that a more 
extended knowledge of its quantity and distribution was not so im- 
portant as a more detailed study of the oxygen, because the former 
gas seems to play no appreciable rdle either chemically or biolf^cally 
in the lake waters and its distribution is very similar in the differ- 

i PlSner ForachungBberlchte, X, p. 183, 1903. 

* PlSner ForachaiigBberlchte, Xt, p. 2S2, 1904. Zeltechr. Angew. Chem. XX, 
p. 1B39, 1907. 

* Das SiieswasBer, p. 128 and 143, 1907. 
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eut lakes, depeudiDg apparently on purely physical factors. Some 
preliminary teats with both the Winklor^ and Mohr" methods of 
determining dissolved oxygen showed that the former was more con- 
venient for field work and gave results equally reliable, so it was 
adopted and has been used regularly since the first season (1905). 
During the summer of 1906, 69 determinations of oxygen were made 
in duplicate using both the boiling and the Winkler methods on 
samples taken at the same time and at the same depths. This was 
done for the purpose of determining how closely the two methods 
woald <dieck when subjected to field conditions. These tests were 
made on water which did not contain less than 0.8 cc. of dissolved 
oxygen per liter, nor more than 14 cc In 15 cases out of the 69 the 
results were exactly the same by both methods. The following 
tables show the results of the other determinations. 

Tablb I. — AmouTit of orggen grtater by boiUnff method. 



Oo. per liter. 


No. of det«rminatiOD«. 


0.1 




0.8 


13 


0.8 


4 




2 


0.5 


2 


0.8 












0.9 


1 



It will be noted that the average difference for 30 of these ; 
observations in table I is only 0.16 cc. 



Tablk II — Amount of o^gen. tnaUw iy boiHng method. 


Cc. per liter. 


No. of determiaaiions. 


0.1 
0.2 
0.8 
0.4 


11 
6 

"i' 



In table II the average difference is only 0.15 cc. 

iBerichte der dentsch. chem. Geeellsch., XXI, p. 2S43 (1888), and XXII, p. 
1864. (1889). 
1 K5dIk and Kraucb, Zeit Anal. Cbemle., XIX, p. 268, ISSO. 
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Oat of the 64 results ehown in these tables, 43 have differenoee 
not exceeding 0.2 cc. per liter of water. Duplicate samplee treated 
bj i^e same method not unfrequ^itlj show greater differeDces than 
this. Theee 43 results together witb the 15 in which the results 
were exactlj the same constitute 84 per oent. of the total number of 
oomparisonB made (69). Only 4 determinationB gave results 
differing by more tbau 0.4 cc. per liter and these larger differenioefl 
were found in samples which contained not lees than 6.5 cc. 
of oxygen per liter of water. Oonsidwing the unfavorable condi- 
tions to which the two methods were subjected in the fi^d, the re- 
sults are as concordant as could be expected, and they also show tbst 
no break in the series of observations was caused by the change in 
methods. The results for 5 sete of observatitais are given in the 
following table, the dissolved oxygen being stated in cubic centi- 
meters per liter of water ; 

Taslk III. 



Lake. 


DaM, 1906. 


D»pth. 


WiDklW. 


Boiling. 






Om. 
" 12.8 
17.5 
20 
S3 


7.85 
9. 88 
5.SS 
5.16 
4.17 


7.20 
6.25 


Uondota 




5.10 

4.10 




July 17 


Om. 
8 
10 
12 


6.30 
5.08 
2.44 
O.OS 


6.40 
6.20 
2.35 
0.79 




Auguat 14 


Om. 

10 

12 

16 

4S 

66.5 


6.01 
5.20 
4.98 
4.90 
5.31 
0.91 


6.00 
6.21 
4.06 
4.96 
5.64 
1.02 






August 20. 


Om. 
3.5 
4.0 
S 

10.5 


6.04 
14.73 
13.62 
7.23 
3.09 


6.10 
15.13 
13.68 




7 47 
2.96 






Om. 
4 

4.5 
5 


6.46 
6.76 
9.34 
6.40 


6.65 
7.09 
9.40 
6.85 
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Chlopin' concluded from Mb ezperimMite in comparing the gaso- 
metric and Winkler methods that the latter gave very good results, 
a dozen teste on waters from various sources averaged 4.723 oc of 
o^^gen per liter by the formw method and 4.751 cc by the latter. 

SoLrnoNS Reqcibed fok Winkleb's Method. 

1. Memgatunu eMorid aoluiion. Diaaolve 200 grams of MnCU* 
free from iron, in distilled water and dilute to 600 cc 

2. Solution of sot^m or potaanum hydroaid and potasavum 
iodid. Diaaolve 180 grams of either NaOH or KOH and 75 graniB 
of KI in distilled water and dilute to 500 cc. This s(dutiou con- 
tains more KI than the amount usually recommended whit^ is 10 
grams per 100 cc. of solution. It was found that for waters con- 
taining a large excess of o^gen, 1 cc of the weaker eoluti(m did not 
contain raiough iodin for 250 oc of water. The NaOH and KOH 
muflt be free from nitriteB. 

3. Hydrodhloric add, concentrated, chemically pure. 

4. Sodium thiomdphate solution. Dissolve 2.48 grams of chemi- 
cally pure, recryatallized Na^fiiOi ■$ H|0 in 1000 cc of distilled 
water. This gives approximately a N/100 solution. The solution 
gradually loses strength but the addition of 4 cc of normal NaOH 
per liter will make it much more stabla If kept in a well stoppered 
jug, it will bold its strength for several weeks, but one should take 
the precaution to standardize it once or twice a week at least against 
a N/lOO solution of KiOrjOt. In actual field work when considerable 
thioeulphate solution is being used daily, it has been found more c<m- 
venient to use a solution somewhat stroi^r, ^ ^ -^ or even stronger, 

5. Standard bichromate solution. Dry some chemically pure 
KjCr,0i at a temperature of 130° for half an hour and let it cool in 
a desiccator. Dissolve 0.4908 g. of the dried EiOriOr in 1000 oc 
of distilled water. This gives a N/100 solution and 1 oc=0.00008 
g. or 0.055825 cc of oxygen at 0" and 760 mm. This eolation is 
very stable and a quantity of it may be made up and kept in stock 
in a well stoppered bottle. The thiosulphate solution is standardized 
as follows: — 25 cc N/lOO K,Cr,OT are measured into a oasserole, 
1 cc of the NaOH-KI solution is added and then 2 cc of concentrated 
HCl. This is now titrated with thiosulphate and from the result o&- 



> Arch. HtK., XXVII. p, 18-23, 1898. 
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tained, the oxygen equivalent of 1 cc of the ibioaulphate solution may 
be determined, or the amount of thioeulphate required in the titration 
is substituted directly into a formula which appears on a subsequent 
page. 

6. Starch aohdion. Mix 1 gram of good potato starch with 25 cc 
of cold water and stir until the starch is all emulsified; pour slowly 
into about 200 cc of boiling water, and continue the boiling for a 
few minutes. Mlow this to stand long enough to settle thoroughly 
an.d use only the clear supernatant solutiwi as the indicator. The so- 
lution may he preserved hy adding a few drops of chloroform and 
shaking well. 

Pbocitbino Samples foe the Wiwklee Method. 

Great care must be exercised in taking samples of water in order 
to avoid undue exposure to the air. If the water is not saturated 
with oxygen, it will absorb some upon exposure to the air, or if it 
contains an excess, it will give up some of ite oxygen upon exposu're. 
Even for surface samples, the water should not be poured into the 
bottle, nor the bottle simply immersed and the air allowed to bub- 
ble out because air may be mechanically entrained in the water by 
such manipulations. 

As already stated, the samples of water in these investigations have 
been obtained by means of a pump and hose. The intake end of the 
hose is lowered to the desired depth, enough water is pumped up to 
flush the hose and pump thoroughly, and then 5- to 10 liters of water 
are strained for a plankton catch. A short piece of gas pipe to which 
a small rubber tube is attached, is thrust into the outer end of the dis- 
charge hose. The outer end of the small rubber tube is placed in the 
bottle, extending to the bottom, and the bottle is filled by a gentle cur- 
rent of water. About 3 or 4 times as much water ns the bottle will 
hold is pumped through in order to fiush the bottle thoroughly and 
thus insure the removal of all water that has been exposed to the air. 
The small tube is removed from the bottle while a current of water is 
still passing into it and the stopper is then inserted in the bottle care- 
fully so that no air bubbles are enclosed. Care must be exercised also 
to see that all oonneetions and the pump are kept air tight. Three 
samples are taken from each depth, two in duplicate for the deter- 
mination of the oxygen and the other for the determination of the 
carbon dioxid. 
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Heavy walled magnesium citrate bottles liave been found most con- 
venient for the collection and subsequent manipulation of samples. 
The stoppers of these bottles consist of porcelain or metal tope which 
bear rubber cape. In bottles having metal tops, the rubber caps pro- 
tect the metal and prevent ita coming in contact with the water and 
chemicals. These stoppers are wired oa the bottles in, such a way 
that an extra pressure is put upon the water when the bottles are 
closed. This extra pressure tends to prevent the escape of ezoeea 
oxygen when the water is supersaturated, and it also keeps the water 
from giving up any of its dissolved orfgen when there is an increase 
in the temperature of the water after the sample is taken. The bottles 
first used had a capacity of 350 to 400 ce. but those now in use have 
a capacity of about 250 cc For convenience in handling, they are 
kept in small wooden boxes which have compartments for 16 bottles. 
£ach bottle bears a number eo that a record of the samples can be 
made readily. 

The exact thickness of the stratum of water from which a sample is 
obtained is unknown, of course. Pumping up 10 to 15 liters of water 
from any depth does undoubtedly cause some disturbance of the water 
at that depth which results in more or less of a mixture. In addition, 
allso, the samples taken in windy weather, when the boat ia being 
tossed by waves, would represent a mixture of a still thicker stratum 
of water. Generally, the change in the gas content iu the water both 
above and below the thermocline is so gradual that this mixture makes 
very little if any difference whatever. In the region of the ther- 
mocline, however, tliere is frequently a very sudden change in the 
quantity of dissolved oxygen wid it is very desirable to have as little 
mixture of the sample water here as possible and every precaution 
should be taken to avoid it That the mixture is confined within 
narrow limits ©vem here, is shown by the fact that very decided differ- 
ences in the quantity of dissolved oxygen may be found at half meter 
intervals. For example, one observation shows a rise from 6.0 cc. of 
oxygen per liter of water to 16 cc. in half a meter ; another, a drop 
from 16,1 oc. to 5.2 cc in half a meter and this decreases to 0,1 cc. 
in the next half meter ; still another shows a drop from 14 cc to 1.9 
oc. in half a meter, and several others show increases or decreases 
nearly as large in proportion. These results seem to show then that 
samples taken in this manner do not represent any greater mixture of 
the water than would be obtained by the other methods u&ually em- 
ployed, such, for instance, as the water-bottle method, in which the 
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sample repreeents a mixture of a stratum of water a quarter of a meter 
or more in tliickneas. 



ASDIHO THE ChXHIOAI& 

Tile sample bottle oontaming about 260 oa of water ift oarefullj 
opened and 1 cc. of the MnCli scdutitm ie added witb a pipette l<nig 
enough to reach tlie bottom. Then 1 oc, of the Na05-KI solution is 
added in a Bimikr wa; ; die bottle is closed so aa to exclude air bob- 
bles, and sbakKL rigorously. The manganous ohlbrid reacts with the 
sodium hydroxid forming a precipitate which is mauganotis hydroxid. 
Some of the manganous hjdroxid unites with the oxygen that is dis- 
solved in the water to form manganic hydroxid. The manganous 
hydroxid precipitate is white but the color (Ganges to brown when it 
is oxidized to manganic hydroxid. The bottle should be thoroughly 
shaken so that all of the-water comes into contact with the mangan- 
ous hydroxid precipitate. Allow the precipitate to settle for a few 
minutes, then open the bottle and introduce 2 oc. of ocmcantrated hy- 
drochloric acid just above the precipitate. Close the bottle and shake 
thoroughly. In the chemical reaction which takes place between 
the hydrochloric acid and the manganic hydroxid, cblorin is liber- 
ated and this reacts with the potassium iodid liberating iodin. The 
amount of iodin set free is proportional to the amount of oi^gen die- 
solved in the water. 

The sample of water should be carried thus far as soon as possible 
after it is collected. Usually a seriee of eamplea oonsisted of a con- 
siderable number and it waa found rather inconvenient to add the 
chemicals at the time they were taken. So the whole series was ob- 
tained and taken ashore before the ohemioala were added to any of 
the samples. This usually meent that from half an hour to two or 
occasionally very nearly three hours elapsed betwewi the taking of 
some samples and their treatment with chemioals. The samples were 
not exposed to direct sunlight during this time. Some tests were 
made both in the laboratory and in the field to determine whether 
any marked changes take place in the quantity of oxygen during the 
time elapsing between the taking of a sample and the addition of the 
chemicals. Several samples were taken at the same time and from 
the same depth. Chemicals were added to two of them immediately 
after taking and the others, in sets of two, were kept for various per- 
iods of time, up to 8 hours, before tiey were treated with chemicals. 
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The results show that for a period of S to 6 liours after being takei^ 
the diffor^ices between aucceeuTe sets of samples are no greater tbasi 
between duplicate samples wbioh have been treated esaoUy alike. At 
the end of 8 hours, however, a distinct decrease in the quantity of 
ox;^en was noted. This would indicate then that samplee maj be 
kept for three hours or more without any marked change ia tlie quan- 
tity of o^gen if they are properly oared for. The following resolts 
were obtained in two teats made on aurfaoe water. Daplioates ware 
used in each case and t^e results given are the average of the two sam- 
plee. The time column indicates the length of time that ^psed be- 
tween the taking of the aample and the adding of the diemieal^ thoae 
marked zero being dosed with chemicals immediately after taking. 
Bxpatntnt I. Baperimtat IT. 



September 10, 1M6. 


September 12, IMS. 


Time. 


Cc. of 0, per 1. 


Time. 


Oo. o( 0, per 1. 




e.43 
6. 37 
«.ff7 
6.« 






3bn 























The samples used in these e!q>eriment8 were allowed to stand on 
a table in the laboratory at some distance from a window. The tem- 
perature of the room was 25° to 26° and the temperature of the water 
at the time the samples were taken was 22.5°. Spitta' states that he 
did not find a very large decrease in the dissolved caygen in most 
cases by letting the sample stand 24 hours. 

Experiments by Gill', Seyler*, and Dost* show that water loses its 
dissolved oxygen very slowly through a rise in temperature, even when 
more or less freely exposed to air. Seyler states that a rise of 10° 
is without noticeable effect on the diseolved o^gen and that the gas- 
eous solution remains supersaturated and only parts with the extra 
oxjgeia upon vigorous shaking. 

The samples may be titrated with tMosulpbate in a few minutes 
after the addititm of the hydrochloric acid, i, e., as soon as all or 

1 ArchlT t. Bjtflene, XJtXVlII, p. 215. 1900. 

* Tech. Quart., T. p. 250. 189S. 

* Obem. News, LXVII, p. 87. 1 898. 

* Review In Chem. Centralbl., UOCVII, p. 1467. 
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nearly all of the precipitate is disBolved, or they may be kept for 24- 
to 48 hours without any appreciable change. But experiments have 
ahown that the results are not very reliable if the titraticm is delayed 
much longer than 48 hours. Samples should not be exposed to direct 
sunlight after the addition of the hydrocholoric acid. In titrating, 
tne sample is rinsed into a white dish, a clear white casserole serving 
the purpose admirably, and thiosulphate is added until the color is 
reduced to a faint yellow; a small quantity of the starch solution is 
now added; then enough thiosulphate is added drop by drop to dis- 
charge the blue color and the quantity of thiosulphate solution re- 
quired is recorded. 

Calculation of Results. 

The amount of oxygen dissolved in water may be expressed In 
three ways: In parts per million, in cubic centimeters of gas per 
liter of watw at 0* and 760 mm. piressure, and in per cent, of satura- 
tion. 
Formulae for calculating resolta : 

, „ 1 ^ ,„. O.OOOOSnX 1,000.000 80n 
1. Oiygen In parti per millioa = — — = ■ = — 

, „ , „. 0.055835nX 1,000 55.825d 
- a. Oxygen in oo. per liter = ■ = 



I. Oxygen in per cent, of saturation 



. 0.055825nX 1,00 X 100 _ 
'Xo " 



In these formulae, n ^ the number of cc. of r^ thiosulphate solu- 
tion ; V = capacity of the bottle less 2 cc., the volume of water dis- 
placed by adding the MnClj and NaOH-KI solutions ; and O = the 
amoimt of oxygen in cc. per liter in water saturated at the same 
temperature and pressure. 

Different strengths of thiosulphate solution have been used in these 
investigations and the following formula has been found more con- 
venient for the calculations: 

0.06S825 X 1.000 X bX n 55.B26bn 
Oxycea in CO. per liter = -j- — ~ = — -j- — 

In this formula b = tbe number of cc. of potassinm Uchrcmate 
solution used in standardizing the tbioeulphate, t. e., 25 cc. ; n* = the 
number of cc. of thiosulphate required in the standardization against 
25 00. of N/lOO potassium bichromate ; and n = ihe nomber of ca of 
thiosulphate required for the sample of water. For example, tatdag 
an actual observation, we have, capacity of bottle = 247 cc and this 
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los9 2 ec., the amount of water displaced by chemicals, gives 245 cc- ; 
thiosulphat© aolution required for sample = 23.7 cc; thiosulphate re- 
quired for 25 cc of N/100 K9Cr,OT=21.65 oc Substituting these 
values in the formula we have °°'^^v^^^'^ =6.23 oc of 
oxygen per liter of water. The temperature of the water at the time 
of taking the above sample was 21.3° and at this temperature it re- 
quires C.13 cc. for saturation. The perc^itage of saturation is, 
therefore, 101.6. 

Frequently it is desirable to calculate the percentage of aaturatioa 
and the table which has been used for these calculations is given be- 
low. It is based on the one given by Eoscoe and Lunt' for fully 
aerated distilled water for each half d^ree between 6" and 30° and 
for an observed pressure of 760 mm. The other fractions of degrees 
have been interpolated. The values below 5° are based on Whipple 
and Parker's* extrapolated resulta which are not strictly accurate. For 
water having a temperature of 0.1° Winkler* gives 10.14 cc of oxy- 
gen per liter as the amount required for saturation and Pettersson and 
Sonden* give 10.1 cc for water at 0°. 

With respect to t^e accuracy of the results for dissolved gases, it 
is scarcely neceesary to remark that, where the temporary field labor- 
atory is set up in a few minutes in the shade of some tree or building, 
and is equipped with burettes, pipettes, boiling apparatus, and the 
accessories necessary for operating them, together with a few boxes 
for work tables, it is impossible to obtain resulta that are as refined 
and accurate as could be obtained in a well equipped, permanent 
chemical laboratory and no such claim is made for these results. On 
the other hand, however, every precaution has been taken to reduce 
the poBsibilitiee of errors and inaccuracies to as low a term as pos- 
sible. It has been the aim to use apparatus and methods which are 
best adapted to meet the field conditions and which at the same 
time will give the most accurate results obtainable under the circum- 
stances. Both apparatus and methods have been thoroughly tested 
under laboratory as well as field conditions before being finally adopted 
for general use and the differences in results under the two kinds of 
conditions were generally found to be within the limits of error of 
laboratory conditions. 

I Cfaem. Soc. Jour., UX, p. 669. 

■ Trant. Amer. HfcroBcop. Soc., XXIIT, pv 110. 1942. 

* Berlcbte der deutecb. cbem. Gesellscb., XXII, p. 1764. 1S39. 

* Berlcbte der deutsch. cbem. Oesellscb., XXII, p. 1439. 1889. 
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Table IV— aA<«rt»j tht number 


■jT «. 0/ oxifytM 


<K 0° and im mnt., r^jujrod to 


tatwaU a liter ttf dittilltd water at temptratwu between 0° and tS.W 






o 


1 


S 


S 


4 


S 


6 


T 


S 


• 


0° 


0.700 


0.680 


0.660 


0.640 


0.620 


0.6O0 


9.578 


9.866 


0.534 


0.612 


V> 


0.400 


0.468 


0.446 


0.424 


0.402 


0.S8O 


9.860 


0.340 


0.320 


0.300 


%° 


9.280 


0.200 


0.240 


'0.220 


9.200 


9.180 


9.160 


0.140 


9.130 


9.100 


3° 


0.060 


0.060 


0.040 


0.020 


9.000 


8.980 


8.068 


8.936 


8.914 


8.803 


K" 


8.870 


8.862 


8.834 


8.816 


8.706 


8.780 


8.760 


8.740 


8.720 


8.700 


S" 


8.880 


8.660 


8.640 


8.620 


8.600 


8.580 


8.582 


8.544 


8.526 


8.508 


6» 


8.490 


8.472 


8.454 


8.430 


8.418 


8.400 


8.382 


8.364 


8.346 


8.328 


7" 


8.310 


8.202 


8.274 


8.266 


8.238 


8.320 


8.202 


8.184 


8.166 


8.148 


8" 


8.130 


8.112 


8.004 


8.076 


8.068 


8.040 


8.022 


8.004 


7.986 


7.968 


JO 


7.950 


7.032 


7.914 


7.896 


7.878 


7.860 


7.842 


7.824 


7.806 


7.788 


10° 


7.770 


7.752 


7.734 


7.710 


7.608 


7.680 


7.864 


7.648 


7.633 


7.616 


ll" 


7.600 


7.584 


7.508 


7.553 


7.536 


7.520 


7.504 


7.488 


7.472 


7.466 


12» 


7.440 


7.424 


7.408 


7.302 


7.376 


7.360 


7.344 




7.312 


7.206 


13° 


7.280 


7.264 


7.248 


7.832 


7.216 


7.200 


7.184 


7.168 


7.162 


7.136 


14° 


7.120 


7.104 


7.088 


7.072 


7.056 


7.040 


7.024 


7.008 


6.902 


6.076 


15° 


6.060 


6.946 


6.032 


6.918 


6.004 


6.800 


6.876 


6.862 


6.848 


8.834 


160 


6.820 


6.806 


6.792 


6.778 


6.764 


6.750 


6.736 


6.722 


6.708 


6.004 


17° 


6. 680 


6.666 


6.652 


6638 


6.624 


6.610 


6.506 


6.582 


6.568 


6.554 


18° 


6.540 


0.526 


6.512 


S.406 


6.4S4 


6.470 


6.466 


6.442 


6.428 


6.414 


19° 


6.400 


6.388 


6.376 


6.364 


6.362 


6.340 


6.328 


6.816 


6.304 


6.299 


20° 


6.280 


6.268 


6.266 


6.244 


6.282 


6.220 


6.208 


6.196 


6.184 


6.172 


21° 


6.160 


6.148 


6.136 


6.124 


6.112 


6.100 


6.088 


6.070 


6.064 


6.053 


32° 


8.040 


6.030 


6.020 


6.010 


9.000 


6.990 


6.080 


5.070 


5.060 


6.950 


23° 


5.940 


5.930 


5,920 


8.910 


6.900 


8.800 


5.880 


5.8T0 


5.860 


6.380 


2<° 


5.840 


5.832 


5.824 


S.816 


5.808 


5.800 


5.702 


5.784 


5.776 


5.768 


25° 


5.760 


5.752 


5.744 


5.736 


5.728 


5.720 


6.712 


6.704 


6.696 


5.688 


8«° 


5.680 


5.672 


6.664 


6.636 


S.648 


5.640 


5.632 


5.624 


5.616 


5.608 


37° 


S.600 


5.604 


5.688 


5.582 


5.576 


5.570 


6.564 


6.558 


5.552 


5.64« 


88° 


B.540 


6.534 


8.528 


5.522 


5.516 


6.510 


6.064 


5.498 


'5.492 


5.486 


Stfo 


6.480 


5.474 


S.468 


5.462 


6.456 


5.460 


5.446 


6.442 


8.438 


5.434 



Oxygen determinations have been regularly made in duplicate by 
the Winkler method and generally also by the boiling method, in or- 
der to ehee^ the results and the average of these two determinations 
has usually been r^arded ae the result. In making determinations 
by the boiling method nearly 3 liters of water were used instead of 
the smaller quantity usually employed, that is from 100 ec. to 1000 
ec. This larger sample of water yielded a larger quantity of gas 
whose volume could be more accurately read in the burette and also, 
the errors were thus distributed over a larger volume of water, 
and, consequently were proportionately reduced in the subsequent cal- 
culations rather than multiplied. The gas was collected over water 
and water was also used in the burettes as it was found impracticable 
to use mercury for these purposes. Some experiments showed, how- 
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ever, that no appreciable amount of gas was absorbed by the water in 
the receiver and burettes, tie water in the former very generally being 
kept at a high temperature bo that its absorption coefficient would be 
low; and many determinationB were made whid showed no trace of 
oxygen, thus indicating that no oxygen waa given up by the water of 
the receiver and burettes during the determinations. In general it 
may be said also that each set of observations forms such a consist«it 
aeries that any serious error or inaccuracy could be readily detected 
when the results were platted, but only a few observations out of the 
hundreds that have been made, have had to be rejected on account 
of irregularities, 

Drtebmination of Carbon Dioxid. 

Several methods have been suggested for the determination of car- 
bon dioxid in water. After a series of esperiments in which three of 
the modifications of the Pettenkofer method were tested, Ellma and 
Beneker' reached the condusion that Seyler'a modification, fre- 
quently called the Seyler method, gives the moat accurate results. 
This method has been used in these investigations. It is fully de- 
scribed by Seyler^ in the Chemical JTewa, and to this the reader ia 
referred for more complete information. 

Solutions reqaired. For the determinations by this method four 
solutions are required, a standard alkali solution, a standard acid 
solution, and two indicators, pheuolphthalein and methyl orange. 

1. Solution of sodium carbonate. Dissolve 53,05 grams of freshlj 
fused, chemically pure NaaCOt in 1000 cc of freshly boiled dis- 
tilled water. This gives a normal solution and a weaker solution 
of any desired strength may be made from this by diluting with 
freshly boiled distilled water. The solution should be kept in a 
well stoppered, hard glass bottle and should be exposed to the air as 
little as possible as it will absorb carbon dioxid and change to bicarbon- 
ate and thus become useless for the titrations. At the time of making 
the solution and also .occasionally afterwards, it should be standardized 
against as acid of known strength, !N'/10 H3SO4 is probably most 
satisfactory for this purposa 

2. Hydrochloric acid. A normal solution of this acid requires ap- 
proximately 77.5 cc of concentrated HCl (specific gravity 1.2) to 
1000 cc of distilled water. This solution may then be easily diluted 
to any desired strength. It should be standardized after dilution, 
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against the standard NajCOs solution. The standard alkali and acid 
used for most of these investigations have been N/4i. 

3. Phenolpkihaiein. Dissolve 5 grams in 1000 cc. of 50 per cent, 
alcohol. 

4, Methyl orange. Dissolve 1 gram of the powder in 1000 ec. of 
distilled water. 

Method of procedure. In making a determination, 100 cc of 
water are put into a 100 ec. Neesler tube or a tall beaker having a 
small diameter, and about 2 or 3 drops of the phenolphthalein solution 
are added. If the water is acid, that is contains free carbon diosdd, 
no pink color will appear upon the addition of the indicator. Sodium 
carbonate solution should th^i be added from a bure^, care being 
taken to stir the sample thoroughly after each addition of sodium car- 
bonate, until a faint pink color remains permanent for three or four 
minutes. If the water contains much free carbon diosid great care 
is necessary to prevent ita loss as the water will give it up readily 
upon exposure to the air. For such a water it is befit to make a second 
titration in which nearly a^ much sodium carbonate as was used in tke 
first, should be added at once after the second sample is measured out 
and, when the pink color has nearly disappeared, sodium carbonate 
should be added drop by drop until the end point is reached. 

If only a very faint pink color appears when the pnenolphthalein 
is added to a sample of water, it may he regarded as neutral. Some 
waters, however, will show a decided pink color which indicates that 
they are alkalina In such a case enough standard acid should be 
added to reduce the color to a very faint pink, the sample being 
stirred thoroughly after each addition of acid. 

Tor the determination of the fixed carbon diozid, measure out 100 
ec of water, add about 3 drops of the methyl orange solution, and 
then enough of the standard hydrochloric acid to change the color 
from yellow to pink. When the water is neutral or alkaline this titra- 
tion may also be made on the sample used for the phenolphthalein 
titration. When the end point ia reached with phenolphthalein, add 
metiyl orange and continue the titration. This may also be done with 
a sample which has been used for the determination of the free carbon 
dioxid but it is necessary to deduct the amount of sodium carbonate 
solution added to the water from the quantity of acid used in the 
titration. Generally, however, it is an economy of time to measure 
out a new sample of acid water for the determination of the fixed 
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carbon diaxid, aa the titration can easily be made wliile waiting for 
the end point in the titration with phenolpbihalein. 

Seyler (loc. cit. p, 104) atatee that these volumetric methods are 
based on the following facts: 

1. Carbonates are alkaline to phenolphthalein, bicarbonates are 
neutral, and free carbon dioxid is acid. 

2. Methyl orange is unaffected by carbon dioxid, hence the bases 
present as carbonates and bicarbonates can be titrated at once with 
standard acid (Na,CO,+2HGl=2NaCH-H,0+CO,). The bicar- 
bonates of calcium and magnesium are neutral to phenolphthalein. 
From this fact the following conclusions are drawn: — 

1. If a water is neutral or acid to phenolphthalein, the "half -bound" 
carbon dioxid is equal to the "fixed." 

2. If a water is alkaline to phenolphthalein, it can contain no 
free carbon dioxid and the "half-bound" will be leas than the "fixed" 
by an amount determined by titration with acid until it is neutral 
to phenolphthalein, 

Caicitlation of results. The following formulae are based on 
X,/44 solutions and 100 ce. of water: 
For acid water: — 

Free 0O| = S p p&rts per million = 2.528 p cc. per liter ot water. 

Filed CU, = S m parts per million = 2.528 m cc. per liter of watar. 

Hair bound CO, = 5 m parts per million = 2.528 m ac. per liter ot water. 
For alkaline water:— 

Fixed CO, = 5 m parts per million = 2.528 m co. per liter of water. 

Half bound CO.^S (m — 2p'l pans per millioa = 2.528 (m — 2p') oo. p«r 
liter ot water. 

In these formulae, p = number of cubic centimeters of N/44 
XajCOa; m = cc. of K/44 HCl; and p' = ce. of N/44 HOI re- 
quired to discharge the pink color from alkaline water, and the 
amount is doubled (2p') because the same amotint of acid corres- 
ponds to twice as much carbon dioxid with phenolphthalein as an in- 
dicator as with methyl orange. 

Kaiser and Leavitt' and Kaiser and McMaster* state that the acid 
carbonate of calcium seems to contain more "half-bound" than "fixed" 
carbon dioxid. Their results agree more closely with the formulas Ca- 
COj. 1.75 CH»CO,) and CaCO,. 1.8 (H,CO,). This meana of oonrse, 
about 1.8 times as much half -bound as fixed carbon dioxid. ^oiUcl 
this prove to be the ratio, it would alter the above formulae for the 
calculation of the half bound carbon dioxid so far as calcium is con- 
cerned. It would mean a much higher half bound carbon dioxid 
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donto&t for those \akea whose waters bold a considerable amonnt of 
oalcium bicarbonate in solution. It has seemed best, howevoi", to 
retain'' the old formula for acid calcium carbonate and the resulte 
have been computed on that basis. 

The reeults aa calculated from the field notes are recorded aa cards 
5x8 in. in size which can be placed in filing cases and readily 
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d cud OMd tor raeorilliit uid fiunt resnlti. 

. . ._. """, > cticck-muk In ttM Heood IndlMtM Um 

Jeh plankton catdiM >n mad*, ud tbe teapvrktOM ot Um waUr Ii 
noonwa m uw thbd. TiM eatbon dloiM li (hown aa baa, halt bomd oi tdeaibonata, 
bad ot Mrbonata, and tba total. Unlat traa aaibon dlozld. tha mlDiu alin tndl- 
eatM alkkUna witar and tba ^ua ilni add. = oxriai. ll = nltiuai, and In tba 
latt eotaran tba per oant. of aBtnraean of tba oznai la abown. nila aard abom 
raanlU toi oxTBao datacmlnatloni made b; botb tba botUns and Utiatlon mattaoda. 
Tboae t^lowcd by ranlta lor nltroion mn made bj tbe botUni method and the 
remainder bj WInUar'i method. The reeldual sa* Irom tbe maddr bottom water 
whleb li raoordad U tiItro<«n Terr probablr contained eoine methane. 

referred to when occasion demands. A complete set of observations 
is recorded on each card and the aocompanyiog illustration (fig. S) 
shows the items indicated thereon; lake, date, weather conditions^ 
transparencj of water, depths from which samples were obtained, 
temperature of the water, free, half-bound, and combined carbon 
dioxid, oxygen, nitrogen and the per cent, of saturation of oxygen. 
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A liter of water at 0° ia capable of absorbing 41.14 ec. of oxygen 
if exposed to an atmoephere of thflt gas under a preeaure of 760 mm,j 
vhUe under like conditions it is capable of abeorbing 1796.7 oc of 
carbon dioxid, and only 20.35 ce. of nitrc^en. This difference in 
solubility accounts for tbe difference in the ratio between the oxygen 
and nitrogen of the air and their ratio when air is dissolved in water. 
By volume, air is composed of 20.96 per cent, oxygen and 79.04 
nitrog^i, but since oxygen is more soluble in water than nitrogen, the 
air that is dissolved in water consists of 34.91 per cent, oxygen and 
65.09 per cent nitrogen. Tbe solubility of these gases is alaa 
affected by the temperature of the water, the higher the temperature 
the smaller the quantity of gaa capable of being absorbed. At 20° 
for example, a liter of water will absorb only 28.38 cc. of oxygen, 
901.4 cc. of carbon dioxid and 14.03 cc of nitrogeD in atmospheres 
of these gases at a pressure of 760 mm. as compared with the above 
quantities at 0°. It follovre then that, when water holding these 
gases in solution is heated, they, being less and lesa soluble as the 
temperature rises, are given off at the higher temperature, so that 
boiling the water for a few minutes usually sufficee to expel practically 
all of these gases that are merely held in solution. 

A given volume of water will absorb the same volume o£ a gaa at 
all pressures, but, since the volume of a gas varies inversely as the 
pressure, the actual volume of gas absorbed, measnre<l at 0° and 
760 mm., will be twice as much under a presaure of two atmospheres, 
or only half as much under a pressure of half an atmosphere. In n 
mixture of gases, such as the air, the absorption of each gas is inde- 
pendent of all the other gases present and is proportional to the press- 
ure exerted by that gas. 
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Lake Mekdota. 



In presenting the reeulta of these investigations it aeeniB best to 
give a separate account of the studies on lake Mendota for two rea- 
sons; first because these chemioo-biological inveatigations bare been 
carried on here longer and more thoroughly than on any other Wia- 
coaain lake, and secondly because it is a good example of one type 
of lake, that is, that type whose lower water contains no free o^gen 
for a longer or shorter period during the summer. Mendota has an 
area of about 3ft sq. km. and is rather irregular in outline. It has a 
maximum depth of about 25 m. and an average depth of 12.1 m. 
About 30 per cent, of the area of the lake is 18 m. or more in depth, 
and 16.5 per cent, is 30 m. or more. Mut^ of Uie shore is rather 
hi^, reaching a maximum height of about 45 m. The bed rock of 
the immediate region consists of Potsdam sandstone wliich possesses 
an upper calcareous stratum known as Mendota limestone. In sev- 
eral places along the shore, these rocks are freely exposed in the diffs. 
The drainage basin has an area of about 700 sq. km. 

The relation between the thermal conditions of the water at differ- 
ent Beas<ais of tbe year and the gas conditions is so intimate that a 
brief sunamary of the formw will contribute to a better understand- 
ing of the latter. Mendota is covered with ice from 3 months to 
nearly 5 months each year. When tbe lake freezes, the temperature 
of the surface water is 0° but that of the bottom water varies from a 
ininimuaca of about 1° in some years to 2° or 2.5° in others. The 
water gains some heat during the winter and early spring and by the 
time the ice disappears from the lake in late March or early April, 
the average temperature will vary from about 2° to 3°. The spring 
overturn takes place at the time of the disappearance of the ice or 
very soon thereafter. This is brought about in two ways, by con- 
vection currents and by the action of the wind. So long as the tem- 
perature of the entire body of water remains below 4°, the surfaeo 
water on beii^ warmed, becomes heavier than the water below and 
tends to sink. In this way convection currents are started which are 
more or lees effective in mixing the water. Their effect, however, 
becomee nil, as far as tbe lower Ettratum is concerned, after the 
water once reaches a temperature of 4°. At night, however, when 
the surface stratum cools, convection currents will be produced and 
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will play a part in mixing some of the upper water but such cur- 
rents will not usually extend to the lower water. 

The wind, on the other band, is a much more important factor in 
bringing about the overturn and in keeping the water in circulation 
afterwards. A wind coming from a certain direction for a few hours 
tends to set the whole body of water into rotation, especially if the 
water is homothermous or the difference in temperature between sur- 
face and bottom is not more than 2° or 3°. The surface water will 
be blown across the lake and when it reaches the leeward side it must 
return; some of it will remain at the surface and return around the 
lake; but probably the greater portion will turn down and return at 
various depths, some of it returning along the bottom. In this way 
currents are started which mix the water at all depths thoroughly as 
long as the temperature conditions in the upper and lower water are 
such that the thermal resistance to mixture is not too great to be over- 
come by the wind. 

The vernal circulation in Mendota continues more or less com- 
pletely from the time of the disappearance of the ice until some- 
time in May or early Juno, the date of the termination of the period 
varying from year to year owing to differences in weatlier condi- 
tions. The temperature of the entire body of water rises to 4° 
within a few days after the disappearance of the ice and the increase 
in the temperature of the upper water beyond this point increases the 
thermal resistance to its mixture with the cooler Water below. This 
results in the formation of a bottom stratum, only two or three meters 
thick at first, but gradually becoming thicker as the season advances, 
which is disturbed less and less by a mixture with the water above it 
By late May or early June this mixture ceases entirely in. the bottom 
stratum and the formation of the permanent thermodine in late June 
or early July prevents the mixture of any of the water above the ther- 
mooline with that below. This means that the lower water is now cut 
off from further contact with the air until the autumnal overturn takes 
place. These three strata persist during the summer. The upper 
one is kept in circulation by the wind and usually has a pretty uni- 
form temperature, especially in windy weather. Its average temper- 
ature reaches a maximum of 22.5° to 25° during the summer. From 
the time that the thermodine becomes well established until the au- 
tumnal overturn, the temperature of the bottom water remains almost 
stationary, there being a rise of perhaps 1° or 2° during this period. 

As autumn approaches, the sun's rays strike the water at a more 
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oblique angle, the days grow ahorter and the nightB becoue longer and 
cooler. Under these conditions the uj^er water cools and as its tem- 
pwatnre falls its density increases and tbe reeistanoe to mixture with 
the lower water diminishes. The thermodine movee down and when 
the temperature of the upper water falls to within 3° to 6° of that of 
the bottom, a strong wind will bring about a complete mixture of 
the upper and lower water, thus producing the fall overturn. This 
overturning graierally takes place during the latter part of Sept«n- 
ber or early in October and is followed by the autumnaj drculation. 

Here again botli wind and convection currents are involved, for the 
autumnal cooling takee place at the surface and as long as the temper- 
ture remains above 4°, tbe cooling aorfaee water will become heavier 
than (he water below and will tend to sink, thus producing convection 
currents which will aid the wind in mixing the water. The wind, 
however, is directly responsible for the autumnal overturning and un- 
doubtedly plays a much more important role than oonvecti(m currents 
in producing the autumnal circulation even when the temperature of 
the water is above 4°. Thus it will be seen that the mere cooling of 
the water in the autumn tends to promote circulation until the tem- 
perature falls to i°, but tbe wind alone must be held responsible for 
tbe circulation when the temperature falls below 4°. There is, then, 
a very important difEerenoe between the vernal and autumnal cireula- 
tiona. As long as the temperature of the water remains below 4" in 
the spring, which is a very brief period in Mendota, the warming of 
the surface water aids in the mixing and circulation throughout the 
entire depth. But as soon as the temperature of the upper water 
rises above 4° every increase in temperature tends to prevent the free 
intermixture of the upper and lower strata, for the warming takes 
place at the surface and the upper water becomes lighter than the 
lower and tends to float on it. This thermal resistance to mixture and 
hence t« complete circulation, beoomee greater and greater as spring 
advances and the tendency of tbe lower water to take part in the cir- 
culation grows correspondingly smaller and smaller. As a result the 
mixture of the water from surface to bottom is not so thorough in the 
spring after the temperature rises above 4° as it is in autumn at' cor- 
responding temperatures. 

In small lakes, in fact, such as Beasley, there may be no complete 
overturning of the water in the spring, especially if the temperature 
of the bottom water rises nearly or quite to 4° before the lake losea 
its coat of ice. Convection currents would then play no part in dis- 
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turbing the bottom waiter and a period of warm weather with compara- 
tively little wind would soon raise the temperature of the upper water 
to a point where the wind would no longer be able to force thia upper 
water down far into that below. Aa a consequenoe comparatively 
little, or in ^rtreme eases n(Hie of the water above would be mixed 
with the bottom water and a condition either resembling or quite like 
that of late winter would continue until the formaticm of the ther- 
mocline which would insure the bottom stratum against further distur- 
bance. During cold, windy springs, however, such lakes may exper- 
ience praotieally a complete overturning of their waters, but t^e period 
oi cconplete circulation will be very brief, for the bottom water will 
soon lag behind and assume a more quiescent condition. 

Plat« I shows the temperature conditions in l^e Mendota at differ- 
ent depths during the period from early May in 1906 until the fall 
overturn. The heavy lines show the conditions at the surfaoe, 10 m. 
and 20 m. In goieral there waa a gradual increase in temperature at 
all depths until about the first of June after which the temperature of 
the lower water remained pretty uiii£orm. That of the upper water 
continued to increase, reaching a maximiim early in August. Then 
it declined more or less regularly until early October, when the entire 
lake became homothermous. 

Winter Oxygen Conditions. Banning with the conditions which 
obtain at the time the lake becomes completely covered with ioe in 
early winter, we find that the water has a temperature of about zero 
degrees at the surface and from 1° to 2" or 2.5° at the bottom. Dur- 
ing the autumnal circulation the water becomes thoroughly mixed 
from surface to bottom and as a result the gas conditicms are quite 
uniform throughout the entire depth of the lake. It ia nearly 
or quite saturated with oxygen. The temperature of the water is so 
low that the life processes which exhaust the supply of dissolved c^- 
gen are at a very low ebb. Thus the oxygen conditions may remain 
almost stationary for some time after the lake freezes over. Figure 
8* shows the conditions on Jan. 26, 1906, over a month after the lake 
became covered with ioe. 

The sheet of ice outs off the water frwn direct contact with the air 
and protects it from die disturbing influences of the wind so that 
vigorous circulation soon ceases. The upper water continuee to cir- 
culate more or lees for some time, however, as one can readily see 



1 See explanation ot flgnres Rbowlng dissolved gasefl, p. 14S. 
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through the ice, but the currents are not strong enough to keep the en- 
tire body of the lake in circulation. More quieecent conditions pre- 
vail in the lower water and in the course of 8 or 10 weeks there is a 
very noticeable decrease in the supply of dissolved oxygen in. this 
r^on. (See fig. 9.) 

The decrease ie brought about in two ways, (a) through the res- 
piration of animals and (b) through the decomposition of organic mat- 
ter. Early winter obsen'ations show that animal forms, both large 
and small, are generally quite as abundant in a few meters of the bot- 
tom water as at any other depth, and, in the process of respiration, 
these oi^anisms use up some of the dissolved oxygen.. But there are 
evidences which seem to show that the most important factor caa- 
cemed in the depletion of the oxygen in this region is the decay of 
Clonic matter. Undoubtedly decomposition goes on very slowly at 
temperatures of 1° to 3°, yet when continued through a period of 
several weeks, an appreciable amount of oxygen is used up. The fact 
that the pronounced decrease takes place wholly within a stratum of 
bottom water only 4 m. or 6 m. thick which is generally not any more 
densely populated with animals than the water above, seems to indicate 
that decay is the most important factor. Then, too, the most rapid 
and greatest decrease is found in the layer of wat«r Juat above the 
mud where the decomposable material is most abundant. Analyses 
show that about 40 per cent^ of the dry weight of the bottom mud is 
organic matter. This decrease of oxygen continues during the win- 
ter and by the time the ice disappears in the spring there may be lit- 
tle or no free oxygen in the bottom water. On March 29, 1906, (fig. 
11) for example, nine days before the disappearance of the ice, tliere 
was no oxygen at 22 m. and only 0.7 cc. per liter of water at 20 m. 
On March 19, 1907, five days before the lake was clear of ice, the 
amounts were 0.55 co. at 22 m. and 2.2 cc at 20 m. and on Karch 6, 
1909, (fig. 31), a month before the ice disappeared, there was no 
oxygen at 22.6 m. and only 0.39 cc. at 20 m. 

Drown' found that about 2 m. of the bottom water of Mystio lake 
contained no dissolved oxygen on March 8, 1893, and also that there 
was none in the bottom water of Jamaica Pond on January 24, 1893. 
He also observed that the decrease of oxygen in winter with increas- 
ing depth is not so abrupt as in summer, there being a gradual fall- 
ing off. This is true also of lake Mendota and those other lakes on 
which winter observations have been made. 

I 24th Ann. Rept St. Bd. of Healtb of Maas., 1S93, pp. 333-42. 
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In the region from 1 m. to 15 m. there is not a very marked de- 
crease in the disBolved oxygen during the winter, but the amount var- 
ies considerably in different years. In early January, 1906, the 
water of this region contained on an average about 9.5 cc per liter 
while on March 29, the average for this region was 8.3 cc. This re- 
presented a decrease of 1,2 cc. or over ,12 per cent, in about two and 
a half months. On January 5, 1907, there were 9 cc. of oxygen per 
liter of water in this region and on March 19, S.6 cc, a decrease of 
only 0.4 oo. or 4.4 per cent, during this period of time. 

During the winter, there are sometimes very marked changes in 
the amount of dissolved oxygen in a stratum of water just under the 
ice. If the ice is rather transparent and fairly free from snow, so 
that considerable sunlight passes through, the algae are able to carry 
on their photosynthetio processes on clear days and only a few such 
days are necessary for them to raise the amount of oxygen appre- 
ciably above ^e saturation point The result of such favorable con- 
ditions is shown in the following table : 







Tablb y.—8ta. T, Mareh S, 1306. 




Depth. 


Temperature. 


Oiygen 
Id oc. i^r 1. of water. 


Per cent, of 
saturatioD. 




0.6 
1.3 
l.S 


13. S 
13. a 
10.1 




2 m 













More frequently, however, the changes in this layer are very diff- 
erent from this. During the winter there are periods in which the 
temperature of the air rises considerably above the melting point and 
remains so long enough to produce extensive t^aws. Since tlie ground 
is frozen so that very little water penetrates it, much of the water of 
tile drainage basin reeulting from the thaw, soon reaches the lake. 
The amount of this drainage water depends upon the amount of snow 
and ice, the duration of the warm weather, and v^tether the thaW is 
accompanied by rain or not. l^eee thaws may occur at any time dur- 
ing the winter but th^ are most frequent, of course, toward spring. 

With respect to the thermal condition the density of the inflowing 
water is not very different £n»n that of the upper half-meter or meter 
of lake water because thwy do not differ materially in temperature; 
but there i» a difference in denwty which is due to the difference in 
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the amounts of aubstances held in Btflution. The incoming water has 
only a small amoimt of disBolved salts and for that reawHi, it is lighter 
than the lake water. As a result this lightar water teoidB to float on 
the lake water bo that it spreads out just under the ioa forming a layer 
which varies in thickness from less than half a meter to perhaps a 
meter. The fact that it bears silt, enables one to ftdlow its more- 
ments over the lake easily. As this drainage water is derived lai;gely 
OT wholly from the melting of snow and ice and reaches the lake ap- 
parently before it has had time to absorb much oxygen, it is usually 
deficient in this gas and the sb-atum which it forms just under the 
ice is more or leas deficient in oxygen, sometimes oontaining lees than 
60 per cent, of the amount neoessary for saturation. 

As the drainage water spreads over the lake, it becomes mixed with 
more or less of the surface water and in this way it becomes stocked 
with algae. It generally contains muoh organic matter so that it serves 
as a good culture medium for these algae and under favorable light 
conditions, these plants liberate oxygen which aoouOinlates here and 
causes supersaturation in part, or in some cases in all, of this stratum. 
From time to time the upper qoarter meter of tiiis region receives 
new supplies of water that is poor in oxygen so that it may be found 
supersaturated with oxygen at one time and again very deficient in 
oxygen, depending upon the amoimt of drainage water, or water from 
the snow and ice on the lake itself, which has been mixed with this 
stratum in the meantime. (Compare figs. S to 11.) 

The following table shows some conditions whic^ may be found 
toward spring, generally a few days betfore the ioe disappears from tlte 
lake. At such times a laifier amount of dissolved oxygen may be 
found in this stratum than at any other time during the winter. 
Most of the sun's energy whidi penetrates the ice is absorbed by this 
layer, and its temperature rises from 3" to 5" above that of the water 
2 or 8 meters below. This inorease in temperature doubtless aocele- 
rates reproduction in the algae and also acceleratee tb^r photo^yn- 
thetio activities. As a result of these aotivitiea tlie quantity of dis- 
solved oxygen soon rises above the saturatiim point. 
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Tabu VI. 
Apra S, 1906. 



Depth. 


Temperature. 


Co. rfO,. 


Per cent. o( 

uturation. 




1.5 
e.2S 
2.0 


5.2 
12.4 
8.< 




0.0 m 













Depth. 


Temperature. 


Co. ofO,. 


Per cent, of 
saturation. 




0.6 
5.1 
3.0 


4.0 
13.8 
0.8 




0.5 m 


159.8 











The existence of all Uieee peculiar winter phenomena depends pri- 
marily upon the weather and naturally there may be very noticeable 
diflferencea from year to year. These phenomena for instance were 
much more marked in late winter in 1906 than in 1907. With re- 
spect to oxygen oonditions iu late winter, the lake sometimes consists of 
four strata. There is an upper, thin stratum just under the ice which 
is'more or lees deficient in dissolved oxygen; below this is a stratum 
somewhat thicker which is supersaturated ; then comes a stratum about 
15 m. thick which generally contains 90 per cent, or more of the 
amount of oxygen necessary for saturation; and lastly a bottom stra- 
tum which is markedly deficient in dissolved oj^gen, the deficiency 
sometimes amounting to its total absence from the lower part of this 
stratum. 

Winter oxygen conditions in Mendota are shown in figores 8 to 11, 
indicating results for 1906 and figures 29 to 31, 1909. (See pp. 
174, 183, for figures and pp. 152, 156, for tables.) 

Spring. The spring overturn takes place at the time of the dis- 
appearance of the ice, or within a very short time thereafter and it 
results in a pretty thorough mixing of the entire body of water. The 
water thus becomes homotbermous and all of tlie dissolved gases are 
equally distributed throughout the entire depth of the lake. The 
ice disappeared on the afternoon and evening of April 7, 1906, and 
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on April 8 (fig. 12), the water from Burface to bottom was found to 
have a temperature of 2.3° and the ojtygen was very uniformly dis- 
tributed throughout the entire depth except in the bottom half meter. 
In 1907, the ioe began to leave the lake on the afternoon of March 
24, and entirely disappeared during the forenoon of Harch 25. A 
set of observationB taken during the afternoon of March 25 showed 
that oxygen conditions had become imiform down to a depth of 15 m. 
and thermal conditions to 20 m. (See fig. 24.) But the water be- 
low these depths had not yet been thoroughly mixed with the uppiW 
9o that it contained a smaller amount of oxygen and had a slightly 
higher temperature. Five days later, however, the lake was homo- 
thermous and the amount of o^gen at the hottran was only 0.4 cc. leaa 
than at the surface. 

On March. 29, 1906, just 9 days before the ice disappeared, the 
average oxygen content of the water down to a depth of 15 m, was 
8.65 cc per liter, or about 93 per cent of the amount necessary for 
saturation, and from 15 m. to the bottom, it was 3.4 oe. per liter. 
The amount of water below 15 m. constitutes about 16.2 per oent. of 
the total volume of the lake so that a mixture of the water of thfise 
two regions under these conditions would have given the entire body 
an oxygen otmtent of 7.8 ca A set of observations <ta April 8, tlie 
day after the lake became free of ioe, showed an average of 7.88 cc 
of oxygen per liter of water. Ihiring the 9 days intervening between 
these two sets of observations, a part of the oxygen supply of the water 
was used up, of course, but the oxygen absorbed during the process 
of overturning was a little more than sufBcient to make up ^is loss. 
On March 19, 1907, the water down to a depth of 15 m. contained 
on an average 8.5 cc and below 15 m. it was 4 cc. A mixture of 
these two strata would give 7.78 cc but a set of observations inmie- 
diately after the disappearance of the ice on March 25 showed an 
average of only 7,5 cc or 0.28 cc per liter less than would have re- 
sulted from a mixture of the water five days previously. This loss 
is most probably acoounted for by the various processes going on at 
this time which were exhausting the supply of dissolved oxygen. 

During the 12 days immediately following the vernal overturn in 
1906, the quantity of dissolved oxygen increased only 0.2 cc per liter 
of water, but the percentage of saturation rose in this period from 
86.7 to 92.0, largely as a result of the increase in the temperature of 
the water. From April 20 to May 4, the quantity of oxygen remained 
about the same, 8 cc. per liter of water, but, owing to the increase in 
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temperature, the vater was Bubetantiall; eaturated at all deptlis on the 
Ib most probably accounted for by the various prooeeseB going on at 
7.6 cc. on March 25 to an average of 8.4 oc. on !M!arch 30, a gain oi£ 
0.9 CO. per liter of water in five da^ The percentages of Baturatioo 
were 82.4 and 94.4 respectively. For the total volume of water in 
lahe Hendota this meant a net increase of about 430,500 cm. m. of 
diascJved o^gen in five days or 86,100 cu. m. per day, or a total in- 
creaa© of about 2.2 L per square meter of surface. There waa also a 
marked loae of free carbon dioxid during this time. (See tables, p. 
166.) 

In 1906 the vernal circulation of the water was fairly complete 
from the time of the disappearance of the ice on April 7 till early in 
May, and in 1907 from March 25 till about the first of June. As 
long as the temperature of the water was below 4°, the entire body 
was easily kept in circulation by the wind. But when the temperature 
rose above this point, the bottom water had a tenden<^ to lag behind in 
the mixing process because it was cooler and thus denser than the 
upper water. As a result the mixture of the water from surface to 
bottom was not complete except when wind conditions were favorable. 
Whenever there was a calm period which lasted for a few days, the 
bottom water waa not disturbed and there was soon a noticeable de- 
crease in the amount of oxygen in this region. But a strong wind 
would mix the water from surface to bottom and die o:^gen would 
thus become uniformly distributed. 

As the upper water became warmer, however, with the advancing 
season, the thermal resistance to its mixture with the cooler water 
below gradually became greats, until early in May, 1906, and almost 
the first of June, ] 907, even a very strong wind was no longer able 
to effect a complete mixture of the two strata. After these two periods 
the bottom water constantly lagged behind as is dearly illustrated by 
the oxygen and thermal conditions which followed. (See figs. 14, 15, 
and 26, pp. 176 and 182, and tables, j^. 152 and 165.) 

A little later the thermocline became permanently established and 
diis insured the complete cessation of the mixture of the water above 
and below this r^on, thus completely cutting off the lower stratom 
from further mixture with fidly aerated water. Ilenceforth the dis- 
solved oxygen in the lower water waa limited to the amount which it 
possessed at iiie time of its isolation, and when this supply was efx- 
hausted, tiiis water remained devoid of free c^gen until the autumnal 
overturn. 
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Summer. In 1906, observations were msde frequenUj enougli ♦» 
coiable one to plat the results in a diagram covering the period from 
late spring until the autumnal overturn. These reaulte are shown in 
Plate II, in which the vertical spaces represent the number of cubic 
centimeters of oxygen per liter of water, and the horizontal spaces 
show the time at which the observations were made, the mouths being 
indicated at the top. The curves represent the different depths from 
surface to 22 m. and show the amount of o^gen at the various 
depths. In most cases the quantity of (Ojgea indicated in the dia- 
gram is based upon a single set of observations, but, in some instances, 
they show averages of two or three sets of observations which were 
made in close sueeeesion, that is, within a period of two or three day^. 

The diagram b^ns with a set of observations on May 4. At this 
time the lake was practically homothermous and saturated with oxy- 
gen from surface to bottom, having 8 cc of this gas per liter of water. 
Then followed a period of more than two weeks during which time 
the quantity of dissolved oxygen in the 0-5 m. stratum remained 
almost the same, but at all other depths there was a decrease. This 
period was succeeded toward the end of May by a rapid decrease io 
all of the upper water which resulted very lai^ly, no doubt, from the 
decreased capacity for oxygen due to the rise in temperature. 

At the cloee of the vernal period of circulation the lower water has 
a temperature of 10° to 12° and at this temperature decay will pro- 
ceed rather rapidly. Aa a result, there is soon a marked decline in 
the quantity of oxygen in the lower water. By the laat of June in 
1906, there was only a small amount of oxygen at 30 m. and 22 m., and 
it entirely disappeared from the 18-22 m. stratum before the middle 
of July. The water at the 15 m. level possessed only a small quantity 
of dissolved oxygen fr<Mn the middle of July until the first week in Au- 
gust when it disappeared entirely at this depth also, and did not re- 
appear until after the middle of Septfflnber; and then only in smaJ 
quantities until the fall overturn in October. At 12 m. there was no 
(Brygen for about 3 weeks in August and at 10 m. even, only a trace 
of oxygen was found in CHie set of obeervationfi and in others not t-> 
exceed 0.1 cc. The amount was so small that animals requiring a 
moderate supply of oxygen, such as fish, could not have lived at thia 
depth during this time. The jagged appearance of the 10 m. curve 
beginning with the latter part <^ August and lasting until after the 
middle of September well illustrates the effect of windy and calm per- 
iods of weatiier at this season of year. A strong wind will distorb 
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the water down to this depth by blowing the warm, aerated water to- 
ward the leeward side of the lake, thui causing a depression of the 
thfirmodine on this side and a riBe on the windward side. But dur- 
ing calm weather or periods of li^t winds, the water comes to a more 
stable equilibrimn and the thermocline becomes practically horizontal. 
H^ice samples from 10 m., which was in the thermocline region at 
this time, show very considerable differences in th© amount of oxygen, 
depending upon wind conditions. The samples were taken at a sta- 
tion in the deep central porticm of the lake but nearer the southern 
shore. Northerly winds blew the nppar water toward the southern 
shore of the lake and depressed the thermocline on this side and at 
such times considerable oxygen was found at 10 m. But during calm 
weather, or periods of light winds the t^hermocline became more nearly 
horizontal ; or during southerly winds it was tilted to the north and 
then some of the cool, lower water which was poor in axygea was 
found at 10 m., consequently observations made when such conditiona 
existed showed smaller amounts of oxygen at this depth. 

Just after the middle of June, a gradual decrease in the quantity 
of oxygen at 8 m. began, and, with two exceptions when there were 
slight increases resulting from the disturbance of the water at this 
depth by winds, the decline continued until August 24, when a min- 
imum of 1 cc per liter of water was foimd. After this date the 
amount suddenly rose as a result of stronger winds and falling iem> 
perature which caused some of the upper water to be mixed with tlut 
at this depth, and the quantity remained high during the rest of tie 
season. 

It will be noted that the curves for the surface and 5 m, are not 
widely separated throughout most of their courses, joining at some 
points, in fact, and have the same general trend, so this r^on will 
be considered as a single stratum. The water of ^is stratum is kept 
in circulation by the wind and by convection corrents during the sum- 
mer and is thus freely exposed to the air. For this reason we might 
expect the quantity of osygeu to remain quite uniform, but sueih is not 
the case as an examination of the curves will readily show. This gas 
is consumed in the processes of respiration and decay and it is liber- 
ated by cblorophyl-bearing organisms in the process of photo^ntheda, 
so that the quantity of oxygen held in solutitoi l^ the water of this 
stratum will vary from time to time. Under conditions which favor 
consumption there may soon be a noticeaUe decrease in the oxygaa 
and when conditions are favorable for production, the quantity may 
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soon rise considerably above the saturation point, 8<HnetLmee rising as 
high as 176 per cent, in parte of this Btratum. 

Following a supersaturation on May ' 22 and May 25, which 
amounted to 114 and 111 per cent or 7.9 cc, and 7.6 cc. reepectiTely, 
there was a Very rapid decrease in oxygen to only 84 per cent of 
saturation, or 6 cc on May 29. No good explanation has yet been 
found for this unusual decrease so far below saturation. There was 
a very strong wind on May 28 which apparently disturbed the water 
throughout its entire depth, as a marked increase in oxygen was noted 
at 22 m. on May 29, but not enough of the lower water which was 
much poorer in oxygen, was mixed with the upper to account for 
such a large decrease of oxygen in the upper water. The oxygen re- 
mained low for two or three days after May 29 and then gradually 
rose to 6.6 cc. or the saturation point on June 6, after which this 
stratum remained substantially saturated until early July. During 
a few calm, dear days the second week in July the algae produced 
enough o:^;en to raise the amount to 6.5 cc and 7 cc or 116 to 120 
per cent, of saturation. Succeeding this were two periods in which 
the oxygen decreased somewhat, going noticeably below the satura- 
tion point at the surface. But for the most part the surface remained 
near the saturation point until September. After the middle of 
July the surface and 5 m. curves become more widely separated. 
The maximum difference was 0.7 cc on July 30, the amount of 
oxygen at 5 m. during this period varying from 6.1 cc in two July 
observations to 4,7 cc on August 30. Two factors were responsible 
for the difference in the amount of oxygen at the surface and at 5 m. 
(1) During this period, the number of algae was small so that very 
little oxygen was contributed to this stratum by them. Under such 
a condition tbe chief source of oxygen for this water was the air. (2) 
During periods of calm weather, the circulation of die water in the 
upper stratum was incomplete, consequently the water at 6 m. was not 
exposed to the air frequently enough to replenish the quantity of oxy- 
gen which was tised up in the processes of respiration and decay. The 
surface water, however, could readily obtain oxygen from the air to 
replace that which was lost. Such conditions would produce the re- 
sults obtained in the observations. 

About the middle of September there were periods of clear, calm 
weather which were favorable both for the activities of algae and 
for (be accumulation in the upper water of the oxygen set free by 
them. As a result the entire 0-5 m. stratum was found to be super- 
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saturated oooaaiooallj, the most maii«d auperaaturation being found 
on Sept I'l, when the eurface water contained 7.5 cc. and the 5 m. 
water 7.1 ca of oxygen, the saturation percentages being respectively 
128 and 119. In most of the obserrations, however, the supersatura- 
tion was confined to the upper 2 or 3 m. 

Autumn — As the epilimnion cools during the latter part of 
August and in September, its temperature Kpproachea that of the 
water in the upper part of the thermocline and the thermal resistance 
to mixture decreaseB. For this reastm the wind is now able to set 
into circulation a stratum of water which gradually increases in 
thickness. In other words the thenuooline gradually moves down to 
ft greater and greater depth. This is well illustrated in figures 19 to 
21. In early August, the upper part of the thermocline lay at a 
depth of 7 m. to 8 m. ; by the last of August it had moved down nearly 
to 10 m. ; by September 27 to 12 m. ; and on October 8, just before 
the autumnal overturn, to 14 m. As the water at 8 m. and 10 m. was 
added to the circulating portion in die latter part of August, we find a 
rapid rise in the quantity of dissolved oxygen at these depths. Dur- 
ing the first half of September, the amount of o^gen at 10 m. rose 
and fell corresponding to the alternate periods of calm and windy 
weather, but in the latter half of the month there was a gradual rise 
mitil it oloflely_ approached surface conditions. From the last of 
August until the middle of September, a small quantity of oxygen 
was found at 12 m., after which there was a rapid rise followed by 
equally as great a decline just before the overturn. A small amount 
of oxygen was found at 15 m. the latter part of September and the 
first week in October but the quantity remained very small until tiie 
overturn. Below 15 m. there was no dissolved oxygen in the water 
until the overturn took place on October 9 and 10, which was caused 
by a heavy north-west wind. The conditions which existed on Octo- 
ber 8 and 11 are shown in figures 21 and 22 (p. 180) and in the 
tables on pages 153 and 154. 

Afl autumnal conditions advanced, the dissolved oxygen in. the 
upper water gradually decreased in amount Three factors were in 
all probability chiefly responsible for this decrease. (1). At this 
season conditions became more unfavorable for the summrar forms of 
the phytoplankton and they declined ; their photoeynthetic activities 
decreased also, resulting in the production of less and less oxyg^i and 
tiie rising crop of autumnal alga^ consisting of diatoms, was not yet 
active enough in the process of photosynthesis to make good the loss 
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of oxygen. (2) Decaj was prooeeding vigortniBly at this time in tlie 
Tipper water and more oxygen waa being couBamed in ihis process and 
by the various organismfl in their respiration than was supplied to this 
water by the algao or obtained by it from the air. As a Tseult the 
quantity fell below the saturation point. (3). As the thermocline 
was gradually moving down at this time, more and more of the lower 
water which bad little or no free oxygen was being mixed with the 
upper, thus lowering the relative amount of this gas in the upper 
strata. 

Between September 20 and October 8, the decrease in ox^;en in 
the 0-5 m. stratum amounted to a little more than 1 cc. per liter. 
On October 8 the average amount of oxygen for the witire depth of 
the lake was about 4 cc On October 11, it was 4,61 cc. or only 65 
per cent of the amount required for saturation. Thus the water 
gained about 0.6 cc of oxygen per liter during the process of over- 
turning which meant an increase of 287,000 cu. m. in the dissolved 
oxygen supply of the entire body of water. Between October 11 and 
20, the increase amounted to 411,400 cu. m. so that, in 12 days, 
the lake added 698,400 cu. m. of oxygen to the supply which it al- 
ready possessed, or an average of 58,200 cu. m. per day, which was 
a daily increase of about 1,5 liters per square meter of surface. 

After the autumnal overturn, the oxygen conditions which obtain 
in the lower water for a few days or perhaps a week, depend very 
largely upcai the weather. If the wind is not strong enou^ for 
a few days to keep the entire body of water in circulation> there 
will soon be a noticeable decrease in the dissolved oxygen in the 
low«r water. This water reaches its annual maximum temperature 
at this time and decomposition will therefore be most vigorous, so 
that oxygen will be used up rather rapidly in this process. At the 
same time, the upper water upon exposure to the air and to some 
extent also through the photosynthetic action of the algae will be 
increasing ite supply of oxygen, so tiiat there will be a marked differ- 
ence between surface and bottom in a few days if there is little or no 
wind. 

On October 20, 1906, just nine days after the autumnal overturn, 
the dissolved oxygen showed a distinct decrease in amount in the 
lower water. (See table p. 154.) This was followed by a period 
during which the winds were stronger, bo that the water waa j^etty 
thoroughly mixed and gas conditions became almost uniform from 
surface to bottom (see table, p. 154 for Oct. 23) and remained 
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80 until November 2. ThU was tlien succeeded by a calm period 
during which there waa again a noticeable decrease in dissolved 
oxygen in the 18-22 m. stratum. (See fig. 23). On November 10, 
gas conditions were quite uniform from surface to bottom and re- 
mained so until the lake was covered with ice. 

Aa the temperature of the water falls during the autumnal period 
of circulation, the capacity for oicygen increases, so that there is a 
tendency for the oxygen to remain below the saturation point The 
rapidity with which the water gains oxygen after the overturn de- 
pends upon two factors chiefly, the wind and the photosynthetic 
activity of the algae. If the winds are strong enough to keep the 
entire body of water in circulation, all of the water is exposed to the 
air from time to time where it may obtain more oxygen. Under 
favorable conditions, also, the algae become active and liberate 
oxygen which may be absorbed by the water. In 1906, the average 
gain per liter of water at all depths between October 11 and Novem- 
ber 2 was 2.2 cc or an increase of 0.1 cc per day. That is, the 
amount rose from an av^age of 4.6 cc on the former date to 6.8 
cc. on the latt«r. In the next 22 days, the increase amounted to only 
0.8 cc, ; that is, on November 24, the water contained 7.6 ec of 
oxygen per liter, which amounted to 88.5 per crait. of saturation. 
But by the time the lake became covered with ice on DecembCT 18, 
1906, the amount of oxygen had risen to 9.1 cc Figures 8 to 28 
show the seasonal changes in oxygen in 1906 (ppi lli to 181.) (See 
tables pp. 152 to 154.) 

Conditions in 1905 and 1907. 

The spring decrease in oxygen in 1905 was more gradual than 
in 1906. The surface water had 8.1 cc, which was 95.4 per cent, 
of saturation, on April 22, and this amount steadily declined to 5.8 
cc., — 86.8 per cent of saturation — on June 10., From this time un- 
til July 29, the amount varied from 5.4 cc. as a minimum to 6.1 cc. 
as a maximum. The early summer decrease in the lower wat^' was 
mudi the same in lOOS as in 1906. No observations were made in 
August, 1906, with the exception of August 31. Between this date 
and the autumnal overturn in early October, conditions were sub- 
stantially t^e same as during this period in 1906. At the comple- 
tion of the overturn the water contained on an average 5.1 cc. of 
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oxjffsa pea: liter, or 71.8 per cent, of the amoimt required for aatura- 
tJon at the observed temperature, 14.1°. 

In geaeral the changes in the amouot of dissolved o^gen during 
the winter of 1905-6, were very muoli like those found during the 
winter of 1906-7. Changes were noted in a thin stratum just under 
the ice both years but they were not so marked in the latter as in 
the former winter. Also in the former winter (1906-6) the ice did 
not disappear from the lake until April 7, while in the latter (1906- 
7) it disappeared on March 25, 1907, so that the lake was covered 
with ice practically 2 weeks later in the spring of 1906. Thus de- 
composition continued about 2 weeks longer in the spring of 1906 
and resulted in the complete exhaustion of the dissolved oxygen from 
the bottom water. In 4.907, however, just six days before the lake 
became free of ice, the bottom water still contained 0.5 cc of o^gen 
per liter. 

On March 30, 1907, or 5 days after the disappearance of the ice, 
it was found that the water contained on an average 8.4 oc of oxy- 
gen per liter at all depths. This represented a gain of 0.9 oc. per 
liter in 5 days or a daily gain of 0.18 cc., which was a gain of about 
86,100 CM. m. of oxygen per day for the total volume of water, or 
2.2 liters per square meter of surface. The quantity of oxygen grad- 
ually rose to a maximum average of 8.8 cc on April 14, and there- 
after it b^an to decrease owing to the increase in the temperature 
of the water. Up to May 16, the time at which the diagram on Plate 
III figure A begins, the amount had fallen to an average of 7.9 cc. in 
the 0-15 m. stratum and 7.7 oc below this depth. 

Plate ni, figure A, shows that the spring decrease in oxygen in the 
upper water was much more gradual in 1907, than in 1906 ; the rapid 
decrease which was noted during the latter part of May, 1906, not be- 
ing represented at all in 1907. The entire body of Water was kept in 
circulation somewhat later in 1907 and, as a result, it will be noted 
that the lower water contained much more oxygen in mid-June, 1907, 
than on that date in 1906. In fact, oxygen conditions were about 
the same by the middle of June, 1906, as they were on July 1, 1907, 
but by August 1, they were substantially the same in both years. 
Only two sets of observations were made after August 1, 1907, one ' 
on September 6 (fig. 28) and the other on September 18, but they 
showed nothing essentially different from results obtained on Septem- 
ber 5 and 17, 1906. (See tables pp. 163 and 156.) 

Only a single set of observations was made in 1908 prior to Sep- 
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This was on July 25 and oxygen conditions were found to 
he substantially the aame as in the three previous years at this time. 
Two sets of observations in September showed about the usual con- 
ditions in the lower water, but some unusually favorable weather 
conditions were respoDsible for marked differences in the 0-5 m. 
stratum. This region was well populated with algae and at different 
times during this month, there were periods of dear, calm weather 
which made Hj^t conditions favorable for the photosjnthetic activitiee 
of the algae and also permitted the oxygem liberated during these 
activities to accumulate in the upper water, resulting in a supersatura- 
tion. The following table shows some results obtiuned during one of 
these dear, calm periods. 

Tablb Vn. SepUmber, 1908. 



D»y. 


Hour. 


Temperature. 


Depth. 


Oxygen in cc 
per liter. 


Per cent, of 
aatumtlon- 


Sft.... 


4:40 P. M.... 


24.1 


0.0 


8.7 


140. 1 








0.5 


8.7 


147.5 






23.0 


1.0 


0.4 










1.5 


10.5 


175.6 






22.0 


2.0 


0.2 


1S2.2 




4:56 P. M.... 


21.3 


8.0 


7.5 


122.2 


H 


6:05 A. M... 


21.6 


0.0 


8.6 


140.0 








1.0 


8.0 


143.0 










8.7 


144.8 






21.8 


2.0 


8.6 


148.0 




6:20 A. H... 


21.85 


8.0 


6.0 


»7.7 


31 


4:43 P. M.... 


23.1 


0.0 


S.5 


147.6 










8.6 


14».l 






23.7 


1.0 


8.2 


158.6 






22. a 


1.5 


10.0 


167.8 












163.0 




4:53 P. M. . . . 


22.0 


3.0 


9.3 


154.0 


22 


8:20 A. M... 


81.8' 


0.0 


6.6 


141.6 












141.6 








1.5 


8.7 


148.3 






21.8 


3.0 


8.5 


140.0 






21.3 






120.7 




6:40 A. M... 


21.1 


4.0 


tt.S 


10S.8 



It will be noted that the maximum amount of dissolved oxygen 
was found at a depth of 1.5 m. and that the increase at this depth 
between the morning and evening observations on September 21 was 
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1.3 cc. per liter. If we may assume that the amount of oxygen at 
this deptli was about the same on the moniing of Septnaber 20 as on 
September 21, then the increase during the former day was about 
1.8 cc. The moming observations were taken just about sunrise, or 
before the algae became active in the production of oxygen. As the 
surface water cooled at night, convection currents were set up which 
mixed the water thoroughly down to a depth of 2 m. as shown by 
the morning temperatures, and the result* show that the oxygen be- 
came practically uniformly distributed throughout the upper 2 m. 
But, in spite of the circulation and mixture which took place, the 
quantity of oxygen remained considerably above the saturation point. 
In this connection, also, it is interesting to note that the transparency 
of the water was such at this time that a Seochi's disc just disappeared 
from view at a depth of 1.75 m., the transparency being thus rather 
closely asaociated with the depth of maximuon oxygen. No definite 
correlation between transparency and the region of high oxygen has 
been noted in other lakes. 



OzYQBiT — In Otheb Lakes. 

It has already been noted that the 156 lakes that have been 
studied cover a wide range of conditions. There are marked dif- 
ferences in the size and depth of the various lakes, in their exposure 
to the action of the wind, in the amount of the decomposable material 
found in the water, and also in climatic conditions. In addition to 
these general differences, it may be said that almost every lake 
possesses some individual characteristics which affect more or less 
markedly the gasee dissolved in the water, more especially the oxy- 
gen. In view of this diversity of oonditicms, then, it ie not surpris- 
ing that the quantity of oxygen dissolved in the waters of the various 
lakes and ita distribution therein, should show marked differences, 
because this oxygen is subject to the influence of so many factors. 
Not only do the different lakes show important differences in oxygen 
conditions but there may be annual variations in the same lake. 
These are due, in a large measure perhaps, to variatiraiB in weather 
and also to annual variations in the biological factors, such for in- 
stance as the abundance or scarcity of phytoplankton. 

On the basis of thermal and gas conditions in the lower water 
during the summer, the lakes fall readily into two groups. The first 
group includes those which are shallow and whose area and e 
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to wind are such that the entire body of water is kept in circulation 
during the Bummer. Onlj 27 lakes, however, belong to this dass 
and they vary in depth from Sm. tolOm. Asa result of the com- 
plete circulation of the water, thermal and gas conditicms were found 
to be substantially the same from surface to bottom. The lakes of 
this group contained various amoimta of oxygen dissolved in tbeor 
W8t»« as a result of difierences in the amount of decomposition going 
on and differences in the abundance and photosynthetic activities of 
the algae, but in each lake the oxygen conditions were generally Uie 
same at all depths. The results show that, during periods of clear, 
calm weather, the upper 2 m. to 3 m. of water may become super- 
saturated with oxygen owing to the action of the algae and that the 
dissolved oxygen of the bottom water may decrease appreciably as a 
result of the decomposition going on there, but a brisk wind would 
soon restore uniform conditions. These lakes showed no othw char- 
acteristics which require further conflideration. (See fig. 110, p. 230 
and tables, p. 164.) 

The second group of lakes includes those in which the entire body 
of water was not kept in circulation during the summer but in which 
a more or less pronounced thermal stratification was found. Some of 
the 129 lakes belonging to this group did not difiEor very widely 
from those of the first group, since the bottom stratum which did not 
take part in the circulation was not more than a meter or a 
meter and a half thick. This condition was found only in the shal- 
lower lakes of this class. In the others the cool, lower stratum 
of water which was not kept in circulation by the wind, varied In 
thickness from a very few meters to as much as 60 m., depending 
upon the depth of the lake. This group is characterized by the fact 
that there is a more or less pnmounoed decrease in the dissolved oxy- 
gen in this lower stratum of water during the summer. The amount 
of the decrease varied very mudi in the different lakes. In some the 
bottom water contained 75 to 80 per cent, as much oxygwi as the sur- 
face which was freely exposed to the air; while in others a layer of 
bottom water of varying thickness was entirely devoid of free oxygen. 

The second group of lakes may be further separated into two div- 
isions for convenience in the discussion. The first comprises those 
lakes in which the supply of dissolved oxygen in the lower water is 
not entirdy exhausted during the summer, the amount varying from 
about 80 per cent of that in the surface water to only a trace; the 
second division includes those lakes in which the dissolved o^gen 
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is completely exhausted from more or lees of tlie lower water. The 
lakes belonging to the first diviBion raiy in depth from 7 m. to 72 m. 
Diagrams for White Eagle lake (fig. 32) and Big Butternut lake (figa. 
33 and 34) show two of the aballow lakes belonging to this group while 
diagrams of Gh-een and Geneva (figs. 36-42) are examples of the deep 
lakes. It will be noted that there is only a oomparatively thin stra- 
tum of water in the shallow lakes which shows a decrease in free oxy- 
gen, but thiB region is very much thi<^er in the deeper lakes, beang 
thickest in Qrem lake which has a qiazimum depth of 72 m. (See 
tables, pp. 147, 166.)- 

In 56 lakes, or more than a third of the total number, a stratum 
of bottom water has been found whioh contained no dissolved oxygen 
for a longer or shorter period during the summer. In some lakes 
this conditim may be found for only two or three weeks, while in 
others, for example Beasley and Garvin lakes, such a stratum of 
water may exist for a period of about five months (figs. 43-63). 
The stratum of water which is devoid of free oxygen may be very 
thin (1 m. to 2 m.) in some lakes, but in oth^^ it may have a thickness 
of 15 m. The disecdved o^gen always disappears first at the bot- 
tom, because there is a greater amount of decomposable material, 
hence a larger amount of decomposition diere. This stratum thm 
gradually increases in thickness and in some cases the free oxygen is 
exhausted from practically all of the water below the thermocline. 
In the west part of North lake, for example, only a trace of dissolved 
oxygen was found at 6 m., none at 7 m. and none thence to the bot- 
tom, 22 m., on August 21, 1906, so that the stratum of water which 
contained no free oxygen was almost 2.5 times as thick as that which 
did have more or less of this gas in solution. The volume of water 
in the upper 6 m. constitutes a little less than 45 per cent, of the 
total volume of the lake, hence about 55 per cent of the water of the 
lake Was either completely devoid of free oxygen, or practically so. 
Lake Mendota belongs to this class of lakes and in August the stratum 
which contains no dissolved oxygen may include as much as half the 
maximmn depth of the lake, or about a third of the total volume. 

It has already been pointed out that the lower water in a thermally 
stratified lake is cut off from further contact with the air after 
stratification and hence has no opportunity to obtain a new supply 
of oj^gen from the air until the autumnal overturn. As a mle very 
little if any ground water ever reaches the deeper water of a lake di- 
rectly and even if it did, it is generally so deficient in o^gMi that very 
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little of tiiia gas would be (xmtribnted to the lower water from this 
source. Neidier are conditions favorable in die lower water of a de^ 
lake for the photosynthetic activities of the algae, so no free oxygen 
will be derived from this source. Hence the sununer supply of oxygoi 
in this region is limited to the amount which the water possesses at the 
time that it beeomee stratified. When this supply is once exhausted, 
this water must remain free of oxygen until the autumnal overturn. 

Two factors are reeponsible for the exhaustion of the oxygen dis- 
solved in the lower water. The living organisms, bot^ plants and 
animals, which inhabit this region use up some nd this oxygen in 
the process of respiration. But by far the most important factor 
concerned is the decomposition of organic matter. A small amount 
is doubtlees used in the direct oxidation of dead oi^anio material 
but most of it is exhausted in the decomposition which results from 
the action of bacteria. 

The decomposable matter is derived from various sources but the 
material which probably afiects the lai^st volume of water is ^at 
derived from plankton forms, more especially from the phytoplankton. 
In general the latter reproduce very rapidly under favorable condi- 
tions and live a comparatively short time. Thus when the upper 
water contains an abundance of phytoplankt<m it will furnish a con- 
stant supply of decomposable material to the lower water. Through 
the floating devices possessed by these organisms, their specific grav- ■ 
ity is reduced so that it is generally only a very little greater than 
that of water, some forms even being able to remain suspended for 
several hours in seventy or enghty per cant. aloohoL Forms whidi 
possess such a low specific gravity will sink very slowly through the 
cool, lower water when they die, and this vrill give opportunity for 
them to pass through at least the early stages of decay <hi their down- 
ward passage. In this way the supf^y of oxygen in the lower stratum 
will be affected not only at and near the bottom but throughout the 
entire r^on below the thermocline. The decomposition of a great 
deal of phytoplankton in the upper wat«r also sometimee causes a 
material decrease in the oxygen here, in spite of its free exposure to 
the air. 

The specific gravity of most zooplankton forms is greater than that 
of phytoplankton forms. Thus they sink more rapidly and their 
decomposition doee not proceed very far before they reach the bo^ 
tom. For this reason they are probably not such an important factor 
in exhausting tiie oxygen supply through decay except at the bottom. 
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Another importAiit Bouroe of decompoBable material ie the shore 
v^etation, more especially the leaves of trees. Lakes whose shorea 
are oovBred with deciduous trees will receive a very large amount of 
decomposable material in the form of leaves when these are shed in 
the autumn. They will be blown into the lakes and will eventually 
sink to the bottom. A few lakes have been found in which the bot- 
tom in the deeper portions of the lakes is literally carpeted with decom- 
posing leaves. The decay of this material goes on more or lees rapidly 
at all times and it is a very important factor in removing dissolved 
oxygen from the bottom water in lakes where it is so abundant 

The shallow water vegetation also contributes its quota of organic 
materia] to the deeper water. The lat^r aqnatio plants are fre- 
quently torn looee from their moorings in shallow water by the action 
of the wind and waves, especially in the fall, and carried out to deep 
water where they sink, thus contributing to the supply of decompos- 
able material on the bottom. In lakes which have very little wtfter 
bhallow enough for such plants, this source of material would not be 
of very great importance but in lakes which have large areas of shal- 
low water, such as wide shallow margins for instance, where such 
plants may thrive in abundance, this would be an important source 
of organic material 

Ab already indicated, there may be no complete overturning of the 
water in the spring in small lakes which are well sheltered from wind. 
In such cases the bottom stratum receives only a small supply of oxy- 
gen at this season, or in extreme cases, none at all. This small 
supply will soon be exhausted and the bottom water will then remain 
without free oxygen until the autumnal overtum, whidi means a 
considerable period of time in some instances. In 1909, for example, 
there was no complete vernal overturn of the water in Beaaley lake 
and the small supply of 03^^ which reached the bottom stratum 
through a slight mixture with the water above was exhausted by the 
firet of June and this stratum remained without free oxygwi until 
early November or for a period of five mcmths. In 1906 also, no 
dissolved oxygen was fotmd in the bottom water of Garvin lake be- 
tween the middle of May and the middle of October, a period of five 
months. (See figs. 49-53, pp. 194, 196, and tables, p. Hi.) 

In addition it may be said tliat the supply of oxygen in the bot- 
tom water of such lakes is completely eduiusted in early winter so 
that this stratum is free from dissolve^ oxygen for a month or two in 
winter also. This means, theu, that the bottom water in sudi lakes 
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may be devoid of free oxygeoi for a period of 6 to 7 months durmg 
the year. Such a prolonged period during which free oxygen ia ab- 
sent from thia stratum is of considerable importance from a biologi- 
cal standpoint, more especially with respect to the bottom fauna. 

In the larger lakes, where the wind is more effective in disturbing 
the water, there is a complete vernal overturning which is followed 
by more or less of a vernal circulation. The period of time during 
which this circulation continnes varies of course in the different 
lakes and in fact, varies in the same lake from year to year, depend- 
ing upon weather conditions. I>uring a cold, windy spring for ex- 
ample the circulation will continue for a longer period tlian during 
a warm one in which there is not so much wind. The longer the 
period of complete circulation lasts, the later will the consumption 
of the final supply of oj^gen in the bottom water b^in, and conse- 
quently the later will this supply of oxygen be exhausted in those 
lakes where the dissolved oxyg^i entirely disappears from this stra- 
tum in summer. 

The effect of weather conditions is well shown in results obtained 
on Mouse lake (See table p. 157). On May 11, 1906, its bottom 
water contained only 0.1 cc. of dissolved oxygen per liter but on May 
ir, 1907, it had 6.6 ca The bottom water of several other lakes 
contained more dissolved oxygen during the latter part of May, 1907, 
than during this period in 1906, but the differences were not so 
great as in Mouse lake. Generally one and a half to two times as 
much was found in 1907 as in 1906. 

The rapidity of the decrease of the oxygen in the lower water de- 
pends chiefly upon three factors, the quantity of deoomposable ma- 
terial, the temperature of the water, and the volume of water below 
, the thermocline. The larger the amount of decomposable matter, the 
faster will the dissolred o^gen be used up. In a plankton-poor 
lake, the decrease will be slow on account of the scarcity of organic 
matter. The higher the tempwature of the lower water, the faster 
will decomposition take place and, consequently, the more rapidly 
will the supply of oxygen decrease. In some lakes the bottom water 
does not have a temperature of more than 6" to 7° during the sum- 
mer, while in others it may rise to 13'^ or 14°. Obviously, of course, 
the prooeas (xf decay will proceed more rapidly in the water having the 
higher temperature and other oonditiona being the same, the dissolved 
oxygen will decrease more rapidly in lakes whose bottom water has a 
temperature of 13* to 14" than in those having the cooler water. 
4 
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Likewise the rapidity of this decrease will depend upon the volume 
of water below the thennooliiie because the amount of dissolved oxy- 
gen in this water will be proportioDRl to the volume of water. Also 
die extent of the oxygen decrease in the lower water, is a funotion of 
the quantity of decomposable material contributed to this regitHi, and 
of the volume of the water. (See tables ppi 146, 141, 148, ior re- 
stilts on Elkhart, Geneva, and Green lakee.) 

A peculiar and interesting distribution of dissolved oxygen has 
been observed in a few lakee in the region of the thermodine. In 
a stratum from 0.5 m. to 2 m. thick situated about the middle of 
the thermodine, the oxygen -decreaaes more rapidly than in the water 
a few meters below. This more rapid decrease in this region pro- 
duces a distinct notch in the ox^;en curve here as may be seen in 
fignres 77, 84, 88, and 115. In some instaiLoes the more rapid 
decrease continues here until the dissolved oxygMi is all used up, 
reeultiug in a separation of the lake into 4 strata with respect to oxy- 
gen. There wiU be an upper stratum consisting of the upper, warm 
water and the upper part of the thermocline which contains a con- 
siderable amount of dissolved oxygen ; below this, the thin stratum in 
the thermodine which is devoid o£ free oxygen; below this, a stratum 
containing some dissolved oxygen, as much as 0.8 cc per liter in 
some instances; and lastly, a bottom stratum in whidi the dissolved 
o^gen has been exhausted. As yet, the causes of the more rapid de- 
pletion of the oxygen in the mid-thermocline stratum are not clearly 
evident. Plankton omstacea are sometimes found in large numbers 
in this region before the dissolved oxygrai is entirely exhausted, and 
they, of course, use up some oxygen in respiration, but it does not 
eeem probable that the respiration of these crustacea is the sole factor 
involved. Indeed it seems evident that in most lakee of this type 
the respiration of crustacea must play only an u^iimportant role be- 
cause no large aggregations of th^m are fotmd in this region. Here 
again decomposition, it would seem, is the chief factor. The water 
of this stratum is much colder than the upper water, sometimes as 
much as 10". The organisms constituting the phytoplankton adjust 
their floating devices such as oil droplets, gas vacuoles, etc., so as to 
enable them to remain suspended in the warmer upper water. 
But when they die and sink down to this region where the water 
rapidly becomes colder, their downward progrees will be checked 
for a time because the density of this water is greater. Therefore it 
seems probable that they may remain here long enough to permit 
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them to paas through the early stages of deoomposiUon and in this 
way they may make inroads upon the supply of disflolved oaygen at 
this depth. It is possible also that either s^le or healthy j^yto- 
planktonts sink into this region and live here saprophytioally for a 
time and under such conditions, they would actively otmsume oxy- 
gfflu (See fige. 40, 77, 84, 88, 90, 100 and 116.) 

ExCBsa Oxygen. 

So far only those factors have been considered which are active 
in using up dissolved oxygen. There are activities going on in the 
upper water, however, which increase the su^ly of oi^gen in this 
region. These activities not only aid in keeping the water satur^ 
ated with oxygen, but under favorable conditions they may result 
in the supersaturation of certain strata of water with this gas. A 
few meters of the upper water of lake Mendota may thus become 
supersaturated with oxygen under favorable weatlier conditions, and 
other lakes show the same phenomraion. The upper water always 
contains chlorophyl-bearing organisms whose numbers vary from a 
few hundreds per liter in some lakes to as many as severd hundred 
thousand in others. The number found in any one lake from time 
to time during the summer varies very widely of course. When ex- 
posed to light, these organisms are able to carry on the process of 
photosynthesis in which carb<m dioxid is taken up from the water 
and broken up into its two elements. The carbon is retained for 
further use in the plants and the oxygen is liberated, some or all "^f 
it passing into solution in the water so that the quantity of this gas 
may be raised above the saturation point. 

In lake Mendota the maximum amount of excess o^gen was 
foimd at a depth of only a meter and a half; and such an accumula- 
tion of oxygen can take place only during calm weatiier. A breeze 
would set this upper water into circulation and it would all be ex- 
posed to the air from time to time where the oxygen tension would 
be lower and the excess would be impairted to the air. Even during 
calm weather, more or less of the upper water will be disturbed by 
convection currents on cool nights and will thus be exposed to the 
air, 80 that the excess of o:^gen will be greatly reduced at least In 
this upper stratum, then, the excess oxygen will not be much greater 
than the amount which the chlorophyl-bearing oiganismB can produce 
in a single day, for the disturbances due either to wind or convection; 
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currents will prevent the aooumulatios of a large amount of excess 
oxygen at so slight a depth. But some lakes have been found in 
which rather large amounts of exoese o^gen accumulated in the up- 
per part of the thermodine. Since the water at this depth is dis- 
turbed very little by wind action and not at all by convection currenta, 
it may remain supersaturated with oxygen for a long period of time. 
(See figs. 43-46 and 54-62.) The transparency of the water is such 
in these lakes that the algae in the thermodine receive enongh light 
to enable them to carry on their photosynthetic activities. As stated 
above the water of this re^on is affected very little by the wind, 90 
that oxygen is removed only by decompoeitJtwi, respiration, and the 
alow process of diffusion. When the algae are active and the light is 
favorable, the production of oxygen greatly exceeds the consumption, 
consequently it accumulates in this region until there is a lai^ ex- 
cess in some instances. 

The maximum amount of o^g^i was found in Knights lake on 
August 26, 1909. At a depth of 4.5 m., there were 25.5 ce. of oxy- 
gen per liter of water, which was 364.6 per c«it. of saturation. The 
following table shows the results obtained on this date and a previous 
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Aurust 14, IMS. 


August 26, 1909. 


Depth. 


0, In 00. 
per Htet. 


P«f ceftt. of 
BBtura^ioD. 


Depth. 


0, ia CO. 
par liter. 


Per cent, of 
saturailoa 




a. 8 

19.2 
23.e 
4.0 


109.1 
282.6 
381.5 
63.8 


8.0 m 


7.6 
13.4 
20.4 
25.e 
21.2 

e.a 


123.8 
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Otter lake ranks seocmd in respect to excess <»r^en. At a depth 
of 4 m. on Anguat 36, l^^Od, the amount of dissolved oxygen was 
18.9 00. per liter of Water, which was 39? per oent. of saturation and 
36.0 eoi (896.S per cent, of saturation) were found at a d^h <^ 4.S 
m. on July 25, 1910. 

Several investigators luv» fonnd an excess of dissolved oi^eo in 
the waters of ponds and lakes during the sununer but t^ maximum 
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qnanti^ tliat has generally been found at thie eeason was about 300 
per cent, of the amount required for aaturation. Both Knights laie 
and Otter la^e have shown larger amounts than this, each rising con- 
siderably above 300 per cent of saturatiou, but the maximum amounts 
of this gas bare been found at a depth of 4.5 m. in both lakes. At that 
depth the hydrostatic pressure is about half an atmosphere and this 
extra preeanre would aid materially in holding the oxygen in solution. 
It is doubtful whether the amount of oxygen could have risen much 
higher without some of it being liberated in bubbles, and, in fact, it 
seems probable that some of it escaped in this way even under the above 
conditions. When this water was pumped up to the surface it effer- 
vesced very freely, so it is safe to say that the quantity of oxygen in- 
dicated in the results does not represent the entire amount that was 
i>re3eat. 

The problem of the rapidity of manufacture and accumulation of 
oxygeai in the excess oxygen stratum has not yet been thoroughly 
studied; but data bearing on this question have been obtained in 4 
lakes. In lake Mendota it was found that the quantity of oxygen 
rose as much as 1.3 co. per liter of water per day at a depth of 1.5 m. 
(see p. 43) on one date and apparently a little more than this on an- 
other. During the summer of 1910 r^ular observations were made 
on 3 lakes at Waupaca. The maximum inorease of oxygen in Beaa- 
ley lake was a rise from 7.7 cc. per liter of Water to 12 cc. at a depth 
of 3 m. between June 14 and June 20. This was an increase of a 
little more than 0.7 cc per day during this period. In Knights lake 
the quantity of oxygen rose from 8.5 co. to 14 co. at a depth of 5 m. 
between June 29 and July 2, which was a daily gain of a little mora 
than 1.8 cc. At the same depth, the quantity of oxygen rose from 
2.8 cc. on June 10 to 14 cc on July 2, a daily gain of a little more 
than 0.5 ca for this long period. In Otter lake the quantity of this 
gas increased from 8.2 cc. on July 20 to 22.4 cc. on July 23 at a 
depth of 3 m., a gain of 14.2 cc. in 3 days or a daily gain of about 4.7 
cc During the same period also, there was an increase of 12.4 oo. 
in the quantity of oxygen at 3.5 m. and of 4 cc at 4 m. 

These gains doubtless represent by far the greater part of the oxy- 
gen liberated at these depths, because little would be lost from theee 
strata by diffusion and little or none would escape in. the form of 
bubbles. A portion of this gas, however, is ocmsumed in the processes 
of respiration and decay but this will not r^resent a very lai^ per- 
oentage of the entire amount of oxygen liberated, especially when it 
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18 being liberated at a rate of 1.5 cc or more per liter of ■Wator per 
day. 

With respect to the oorrelatioa in d^th between the maziiiiuiii 
amount of oxygen and the maximum number of algae, in lakes vhicli 
have a stratum containing an excess of this gas, it may be said tliat 
rarions results have been obtained, the major portion of the data 
showing no very dose relation between the two. In figure 138, 
it will be noted that the maximum number of diatoms was found at 
5 m. in Beasley lake, on August 3, 1908, and the largest amount of 
oxygen was found at this depth; the other algae, however, reached 
their maximum at 2 m. In Koights lake (fig. 139) the diatom 
maximum was located at a depth of 2.5 m. and that of all other algae 
at 3 m. on August 14, 1909. But the maximum amount of oxygen 
was found at 5 m., or 2 m. to 2.5 m, below the maxima of algae, 
where the number of these organisms was small. Similar, but less 
marked differences were found on August 25. (Fig. 140.) On this 
date the diatoms reached a maximum at 4 m. and the other algae at 
?> m., while the oxygen maximum was in the 4-5 m. stratum. In 
Silver lake (fig. 141) the largest number of diatoms was found at 
7 m, on August 21, 1907, where the water w'as distinctly alkaline and 
contained the largest amount of dissolved oxygen. While the other 
elgae showed a distinct increase in number at 7 m., yet they wen^ 
most abundant at 1 m. Figure 142 shows a very different set of con- 
ditions on August 27, ,1908. On this date the largest number of 
algae was found at 10 m. where the oxygen was about 9 per cent 
below the saturation point, while the largest amount of oxygen was 
found at 8 m. where the water was also alkaline. It seems that the 
most probable explanation o£ this condition is that this set of obser- 
vations was made socm after a crop of algae had reached its maximum 
development and that th^ were thus found in an early stage of 
their decline. It seems probable, however, that a more complete 
knowledge of this high oxygen phenomenon would reveal a much 
closer correlation in dep& between algae and excess oxygen. 

In the smaller lakes, where the excess oxygen stratum lies vrithin 
4 m. to 5 m. of the surface, the large plants growing in shallow water 
may contribute o^gen to this stratum during their photosynthetie 
activities. In Otter lake, for example, much of the bottom is oovered 
with Chara to a greater depth than the hi^ oxygen stratum, so that 
some of the excess oxygen might be liberated by this plant But sev- 
eral sets of observations made in August, 1906, gave no evidence that 
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BQch is the oaee. In two larger lakee, Elkhart and Okaucbee, sereo^ 
obs^Tations hariiig this same ^id in view, gave negative reeulte. 

Some European obeervers hav« noted very marked diurnal changes 
in the amount of dissolved oxygen in small, ^lallow bodies of water, 
especially Esh ponds, and attention has been called to snch changes 
in the upper water of late Mendota in September, 1908 {p. 43). 
In Mendota, the excess oxygen stratum comprised cfsHj the upper two 
or three meters which were readily disturbed by wind and by convec- 
tion currents. Thus there was a pretty tborou^ mixture of this upper 
water at night so that the oxygen became uniformly distributed in 
this stratum. As a consequence, there was an appreciable decrease 
in the quantity of oxygen in the layer having the lai^est excess, that 
is at a depth of l.S m., and on the succeeding d&y Hie am.ount of oxj- 
gen would again increase at this depth, thus producing a diurnal 
variation of 1 cc. to 1.5 oc. per liter of water. But where the excess 
oxygen has been found in the thermodine r^on, no appreciable di- 
urnal variations have been noted. That is, the differeaice between 
day and night observations did not prove to be any greater than the 
differences between two sets of day observations, one of which was 
made immediately after the other. 

Several sets of day and night observations made ou Elkhart and 
Otter lakes where this tran^tion stratum contained a marked excess 
of oxygen, gave negative results. At such a depth the water was 
not disturbed by the wind during the day, nor by wind or convec- 
tion currents at night, so that no mixture of the water took place 
which would "have reduced the supply of oxygesL Also no appreciable 
amount of o^gen was lost during the night through decomposition, 
diffusion, and the respiration of organisms. 

OXTOKN COHDITIONS IK BgASLET, LoWO, AND RUNBOW LaEBS 

IN 1909. 

Figure 48 shows the oxygen conditions in Beasley lake on March 
19, 1909. It will be noted that about 2 meters of the bottom water 
oontflined no free oxygen and that there were only 1,8 cc. and 0.1 cc 
per liter respectively at 9 m. and 11 m. Plate IV" indicates the condi- 
tions for the following spring, summer, and autumn. This seasonal 
diagram shows clearly that no vernal overturn had taken place on 
April 22, which was only a veiy few days after the ice had disap- 
peared from the lake, and later observations showed that no complete 
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overturning took place before aummer cwiditions set in. The first set 
of observations showed that the mixing process had resulted in giving 
the water at 12 m. and 14 m. only traces of oxygen. During the montii 
of May, however, more of the upper water was mixed with the bottom 
stratum and tlie amount of oxygwi increased sli^tly but it did not 
rise above 0.4 ca per liter wbidi was foimd on May 5. It disappeared 
entirely from this stratum before June was far advanced. More than 
6 cc of dissolved oxygen were found at 10 m, in tbe first and second 
observations, thus showing that the water at this depth had been mixed 
rather freely with the water above, but the oxygen decreased very rap- 
idly at this depth during the latter part of May as a result of the decay 
which took place there, and thereafter the quantity remained small 
imtil late October. 

The decrease was more gradual at 8 m. and the amount of free 
oxygen did not reach a minimum until late September and early Octo- 
ber. T^e upper 7 m. of water, which comprised the epilimnion and 
Uie upper part of the thra-mocUne, contained an abundance of dift- 
solved oxygen during the time of these observations although there was 
a marked decrease at 7 m. in September. With this <me exoepti<m, the 
oxygen in this upper water amounted to 90 per cent, or more of the 
quantity required for saturation. The cnrve representing the surface 
shows that this water contained the maximum amount of dissolved _ 
oxyg/sa. on April 22 ; this was followed by a gradual decrease till the 
first of July, after which there was an appreciable increase followed by 
a fairly uniform condition which lasted until late October ; this was 
succeeded by a decrease and thai a marked increase the last of October 
and in early Kovember. In this diagram it will be noted that the 
maximum quantity of oxygen was not found at the surface as in lake 
Mendota. As a result of the activities of chlorophyl-bearing organigma 
in the 3-6 m. stratum, the amount of dissolved oxygen found in titis 
region exceeded that at the surface during almost the entire summer. 
At 3 m. Ae amount was greater than at tiie surface as early aa May S. 
The maximum was found on June 3, but within tiie next two weeks, a 
marked decrease took place because the water at this depth was gradu- 
ally mixed with the upper stratum which was kept in circulation by the 
wind, thus preventing any accumulation of excess oxygen here. Some 
idea of the amount of mixing may be gained from the change in tem- 
perature. Between June 3 and June 17, the temperature at 8 tn. 
increased 2.1° but the water at this d^th had not yet been thoroughly 
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mixed with the upper water for it was still 2.3° colder than the boi- 
faca 

The decrease at 3 m. was followed by a marked increaee at 5 m. 
whi^ reached its maximum on July 16. This was followed by a 
decrease, reeultiDg from the downward movement of the thermocline, 
which oontinned until the quantity of oxygen even fell below that 4t 
the surface in early September, The decay and respiration taking 
place in this region were responsible for the decrease below the aver- 
age amount in this upper stratum. 

The curve for 6 m. shows that coincident with the maximum at 5 m. 
was one nearly as great at 6 m. but the period of high oxygen at the 
latter depth continued until the latter part of August when it suddenly 
decreased J)ecause the thermocline reached this depth at this time and 
some of the upper water which was poorer in oxygen was mixed with 
the 6 m, water. At this depth also, the amount finally fell below Uiat 
at tJie surface as a result of the respiration and decay taking place here 
and doubtless as a result also of mixture with more or lees of the water 
below which contained a smaller amount of dissolved oxygen. 

Oxygen conditions in the 0-6 m. atratum remained fairly uniform 
from S^tamber 9 to October 8, but this period was followed by a de- 
crease because more and more of the lower water which contained little 
or no oxygen was added to the upper stratum as the latter cooled 
and because the summer algae were declining at this time and condi- 
tions favored the consumption of oxygen rather than its production. 
During the last wedi in October and the first half of November, the 
weather was fairly warm and calm, so that the water remained almost 
stationary in temperature and was not greatly disturbed by wind. As 
a result of these conditions, there w^s a marked decrease in the amount 
of oxygen at 10 m. which, in all probability, was due to two causes: 
(1) To mixture of the water in this atratum with that below which con- 
tained little or no free oxygen; (2) to the rapid oxidation of organic 
matter which had been accumulating in this lower water under anae- 
robic conditions during the summer. During this time there was an 
increase in the quantity of o^gen in the 0-7 m. stratum as a result of 
the free exposure of this water to the air and as a result of the pho- 
tosynthetic activities of the autumn phytoplankton. The last set of 
observations represented in the diagram shows that the oxygen condi- 
tions were uniform from surface to bottom thus indicating that the 
autumnal overturn was completed shortly after the middle of Novem- 
ber. 
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Plate V, repreeraiting the oxjg^i conditions in Long lake at 
Waupaca, shows that the vernal overturn was not completed on April 
22, 1909, but on May 5 conditions were almost uniform from surface 
to bottom. During the next two weeks, there was an increase in the 
amount of oxygen in the 0-5 m. stratum and a pronounced decrease 
at 10 m. and below. This decrease in the lower water continued un- 
til only a trace of free oxygen was found at the bottom on July 1 
and it entirely disappeared at 15 m. before the middle of August. 
Scarcely more than a trace was found at 10 m. from September 9 to 
October 8, but this condition was followed by a period of rapid and 
marked increase when the water at this depth was added to the up- 
per circulating stratum as a result (xf the cooling of the upper water. 
It will be seen, also, that o^gen b^an to appear at 15. m. about 
the middle of October and steadily increased in amount till the com- 
pletion of the autumnal overturn shortly after the middle of Novem- 
ber. The water at 18 m. and 21 m. was the last to be disturbed in 
the overturning process and hence was the last to be aerated. So 
the water at these depths shows a very sudden and very marked in- 
crease in free oxygen just as the overturn was completed. 

The diagram shows that there was a gradual decrease in the quan- 
tity of oxygen at 8 m. from about the middle of May till the last week 
in September when a minimum of 1 ee. per liter of water was found. 
There was a marked increase at this depth in late September and early 
October. There was also a decrease in the oxygen at 7 m. during the 
latter part of May and first half of June which was succeeded by a 
small, gradual increase for a month. This was followed by a second 
gradual decrease t« a minimum of 3.7 cc. on September 24 and then 
an increase as autumnal conditions set in. 

The surface water showed a marked decrease in dissolved oxygen 
in late May and early June as a result of the increase in the temper- 
ature of the water, thus lowering its capacity for dissolved oxygen- 
About the first of July a small but steady increase in oxygen began, 
the quantity rising from 6 cc. to a little more than 7 cc per liter 
by October 8. A marked decrease followed in the next two weeks 
due chiefly to the decreased photosynt^etic activities of the algae, to the 
decay taking place in the <nrculating stratum, and to the mixture of 
the upper water with more and mere of the lower, which contained 
little or no free oxygen. The chlorophyl-bearing organisms produced 
enough oxygen at 5 m. and 6 m. to raise &e amount above that at the 
surface during the latter part of May and this condition continued 
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nntil the latter part of August, the maximum amounts at these depths 
being found on July 16. 

The diagram for Rainbow lake (PI. VI) diows that its oxygwi 
conditions were much like those that hare already been described 
for Beasley and Long lakes. There was the same general docreaoe 
in the amount of o^gen in the lower water during the season, there 
being almost none below 10 m. for a time in September. Enough 
osygea was produced by oblorophyl-beariug organisms in the 5—10 m. 
stratum to raise the amotmt above that at the surface and this condi- 
tion was maintained for Itmger or shorter periods at the different 
depths. At 10 m. there was a marked increase in late June and the 
amount remained greater than at the surface until Julj 16, after 
which there was a gradual decrease at this depth to a minimum in 
September. This decrease was correlated with a marked decrease in 
the transparency of the water. The S-8 m. stratum contained much 
more dissolved oxygen than the surface during the months of June, 
July, and August ; in fact a maximum of a little more than twice the 
amount at the surface was found at 7 m. on July 16. In early August, 
however, the water at 5 m. was added to the upper circulating stratum 
and consequently the amount of oxygen at this depth was reduced to 
' the qnantily found at the surface. The 6-8 m. stratum remained un- 
disturbed until early September when its stock of free oxygen rapidly 
decreased to practically the amount found at the surface because the 
water of this stratum also was gradually added to the circulating 
stratum above. 

Results of Othbh InvBaTiGATOBfl. 

Rather high supersaturations due to the action of chlorophyl-bear- 
ing organisms, have been found even in streams where one might sup- 
pose that the water was disturbed suflGciently to prevent sudi accumu- 
lations of oxygen. Palmer* found, however, in the Illinois river 
where the current was rather glup^sh that the quantity of this gas 
might rise to more than 220 per cent, of saturation. Both Lord* 
and Horton' have noted an excess of oxygen in Ohio streams. 

On the other hand, Spitta* found only a very few cases of super- 
saturation in the Spree river, the quantity of dissolved oxygen being 

> Streams Ezamlnatlon, Sanit. Diet, of Chicago, p. 88. 1902. 

* InveBtigatlon of Rivera, Ohio St. Board of Healtb. 1897-98, v- 63. 
■ Tblrteenth Aon. Kept. Ohio at. Bd. of Health, p. 351. 1899. 

* Archlv riir Hygiene, XXXVIII. p. 215-93. 1900. 
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more or less below the eaturatioD point during almost the entire yMV) 
and in all of his samples of water from the Rhine, the oxygen was 
below the saturation point 

In winter, Knauthe' found a much larger quantity of esoees oxy- 
gen in some of the ponds which he studied when they were covered 
with ice. In one pond he found tho aurprisingly large amount of 
49 cc. of oxygen per liter of water, just under the ice. This was 
about 515 per cent, of the amount required for saturation. A 
phenomena] increase in oxygen wae noted in this ptHid, the amount ' 
at the surface rising from 29.8 ce. on January 16, noon, to 42 cc. 
on January 17, 12 :30 p. m. This period of very high oxygen lasted 
three days and was correlated with a very large growth of chlorophyl- 
bearing organisms. During the daytime when these organisms' were 
actively producing oxygen the water became alkaline as a result of 
the consumption of carbon dioxid. 

Ihiring the years 1901 and 1902, Voigt* made a study of the 
dissolved gases in the Grosser Ploner See. For the determination 
of the oxygen and nitrogen, he unfortunately employed the Tenax 
apparatus which so frequently gives irr^fular and unreliable results 
according to several investigators. As a consequence some of his oxy- 
' gen determinations show wide variations which are wholly at vari- 
ance with the results that have been obtained on Wisconsin lakes. 
Likewise Halbfaas" results for dissolved oxygen in the Pommeranian 
lakes show irregularities of a similar character and magnitude and 
it seems probable that these variations may be attributed to the 
faulty method employed in making the determinations and also to the 
fact that in some instances the determinations were not made until 
many hours after the samples of water were obtained. 

A striking illustration of the ineffectivenees of diffusion as a 
factor in the distribution of oxygen in a lake, has been given by Hiif- 
ner.* According to hia calculations, if the Bodensee, whdi is 250 m. 
deep, should lose its supply of dissolved oxygen and should then ac- 
quire a new supply from the air by diffusion alone, it would require 
over a million years for the entire body of water to become saturated 
with this gas. 

Lebedinzeff" has obtained some interesting results on the Caspian 

1 Biol. Centralb. XIX. p. 783-9». 1899. 

tPUtner F\>rBcbunK8l)er., XII, p. 115-144, 1906. 

i Petermanns MIttetlungen, Nr. 138, p. 97, 1901. 

<Arch. fiir Anat. und Physiol. (PlirBlol. Abtoll.) 1897, p. 112. 

> AuB der FtBchzuchtanstalt NlkolBk, No. 9, p- 113-136, 1904. 
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Bud Black seas and on a freshwater lake which he has studied. In 
these bodies of water, he found o^gen ccHiditioiis which are very 
similar to those that have been found in some of the Wiaconsin lakes. 
Id the Caspian sea, which has a maximum depth of about 972 m., he 
found a marked decrease in the oxygen below a depth of 160 m., with 
only a very small amount at and below 575 m. Correlated with this 
was a zonal distribution of the plankton Crustacea. In the upper 
strata Crustacea were abtmdant and consisted chiefly of oopepods ; be- 
low .I'SO m. the oopepods decreased in number gradually and the s<^- 
zopods increased. A relict fauna was common up to a dep4h of 3S0 m. 
but it was entirely absent below this depth. Molluscs have not been 
found at a depth greater than 300 m. 

In the Black sea, which has a maximum depth of 2500 m., Lebedin- 
zefF found only minimal amounts of oxj^;en at depths of 183 to 200 m. 
As the quantity of oxygen diminished, living organisms decreased in 
numbers and no life was fotmd below 183 m. The lower water con- 
tains more salt than the upper, hmce it is heavier tlian the latter and 
as a result there is no vertical circulation to any great depth. Thus 
the lower strata are permanently cut off from contact with the air so 
that it is impossible for this lower water to obtain a supply of o^- 
gen and this author thinks that aueh conditions have existed for a very 
long period of time. As a consequence only a little over 7 per cent o£ 
the maximum depth of the Black sea is habitable. In both the Cas- 
pian and Black seas the lower strata contain a considerable amount 
of hydrt^en sulphid. 

In Feetowoeee, which is a freshwater lake with a maximum deptli 
of 16 m., this investigator found a minimum amount of oxygen at the 
bottom in late July, 0.28 per cent, of saturation. The maximum 
amount for the year was coincident with the lowest temperature of the 
water. 

Tte following table gives some results for dissolved gases which 
were obtained by Delebeoque* on lake Geneva, Switzerland and lake 
Nantua, France. 

1 Lm La«a Fnuoeats, p. B40, 1906. 
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Lak«. 


Dftte. 


Dapth. 


Temper- 
ature. 


o,. 


N,. 


ToUl 
OO,. 




kag. 14, 18M 


m 
10 m 
20 m 
30m 
SOm 
100 m 




6.70 
fl.75 
7.07 
7.78 
7.88 
7.50 
























































Julys, 1895... j 


m 
100 m 
2S0 m 


20.5 
4.8 
4.5 


6.63 
6.70 
6.1 


18.06 
15.08 
16.6 


40.88 
36.39 
40.7 




Aug IS, 18M 


»m 
Sm 
10 m 
SOm 
SOm 
40 m 




7.71 
8.19 
7.09 
5.87 
5.2S 
1.78 























































It will be noted that a imifotmly large amount of OJ^gea waa 
found at all depdia from which samples wrae obtained in lake Geneva, 
Switzerland, there being no marked decreaae down to a depth of 
250 m. "So resulta are given beyond this depth, bo it is impossible 
to say whether or not similar conditions obtained in the deepest water 
where the lake reaches a maximum depth of 309.4 m. Such ozygeoi 
conditions are very difFerent from those that have been found in Wift- 
otmsiu lakee in July and August, when the above observations were 
made. In our lakes, a more or lees marked decrease in the oxygen 
will be found in the lower water at this season. 

In lake Nantua, however, there was a distinct decrease in the dis- 
solved oxygen at a depth of 40 m. This lake has a maximum depth 
of 42.9 m. which is the same as that of lake Geneva, Wisconsin, but 
observations made during three seasons show that tlie quantity of dis- 
solved oxygen in the lower water of this Wisconsin lake has been dis- 
tinctly smaller by August 15, than the amount which was found in 
lake Nantua on this date. (See table, pi 14T.) 

With respect to substances held in solution, sea water differs so 
widely from fresh waters that it will not be profitable to make more 
than two or three comparisons here. Under the same conditions sf 
temperature and pressure a liter of sea water will hold tmly about 82 
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per cent as mu(^ oxygen in solution as a liter of distilled water. 
Clowes and Bi^s^ reached the oondusiou from their experiments that 
this decreased capaoit; for o^gen is doe to the lai^ amount of NaOl 
present in sea wat«r. Th^ found no difference, however, between 
the oxygen capacity of common river water and that of distilled water. 

In some o£ their marine iuTeetigatione, Pettersson and Ekman* found 
at times a mariced decrease in tlie disaolred ox^geok wit^ increasing 
depth. The results given for July 5, 1898, show the presence of 
8.17 ec of oxygen per liter of sea water at a depth of 20 m. ; at 100 m. 
it was 3.09 cc., and at 400 m., 1.83 cc. 

In September, 1903, Lebedinzeff* found a marked decrease of the 
dissolved oxygen with increasing depth in the water of Mof jord. The 
amount was only 64.5 per cent, as great at 20 m. as at the surface 
and less than a third as much at 40 m. ; it decreased to 0.24 cc per 
liter at 100 m. and an average of 0.2 oc at 200 m. No life was 
found in the 100-200 meter stratum. 

Helland-Hansen* also observed a marked decrease in the amount 
of dissolved o^gen in the lower water of some oyster ponds situated 
in Norwegian fjords. The ponds were connected with the main 
bodies of water in the fjords only during unusually high tides. In 
the meantime quiescent conditions {o^vailed during which the dis- 
solved oxygen in the lower water decreased, even disappearing en- 
tirely at a depth of 5 m. or 6 m. in some instances, thus threatening the 
deetniction of tlie oysters. 

1 Jour. Soc. Cbem. Indus., XXIII, p. 368-9. 1904. 

J Kgl. Sv. Vet. Akad. Handllng»r, XXIX, No. 6. p. 1-1B5, 1897. 

B AuB der FlBchzuchtaiutalt Nikolek No. 10, p. 126. 1905. 

• HeddelelBer om Oesteravlen III, p. 1-109. 1907. 
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CHAPTER III. 



CARBON DIOXID. 



Carbon diosdd ia readily soluble in water and a water which is 
freely exposed to the air will contain more or less free carbon 
diozid under normal conditions, aa this gas is one of the constituentB 
of the a,tmoaphere, being preeent in the proportion of 3 or 4 parbs 
in 10,000. But only a email amount will be absorbed from the air 
beoauae it ia taken up only in proporta(Hi to it» partial preesure. 
The free carbon dioxid of a water, however, will be affected by the 
pres^ice of chlorophyl-bearing organiams when there is enough light 
for photosyntheeis, and alao, by the presence of decaying organic mat- 
ter. 

The normal carbonates of calcium and magneraum are only slightly 
aoluble in pure water; a liter of such water at 16° will dissolve 
0.0131 g. of CaCO. (Schlosing)' and at 15" about 0.627 g. of 
MgCOi (Treadwell and Reuter)*.. Rainwater, however, contains 
some free carbon dioxid which it has absorbed from the air and it 
obtains still more from decaying organic matter upon its passage 
through the ground. This water which is charged with free carbon 
dioxid is an active agent in dissolving these normal carbonates when it 
comes in contact with them in the ground, being capable of dissolving 
them in prc^rtion to the amount of free carbon dioxid which it poa- 
aeeaee. That is, this carbonated water changes the normal carbonates of 
calcium and magnesium which are only alightly soluble in water, to 
bicarbonates which are readily dissolved and carried along with the 
ground water, finally reaching the lake through aprings. Thus in 
addition te free carbon dioxid the ground water entering a lake will 
contain carbon dioxid which is in combination with other substancea, 
chiefly calcium and magnesium. Surface drainage water, however, 
will contain a smaller amount of bicarbonates because the soil is 
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usually poor ia carbonatee as a result of the leaoliiiig that takes place 
in this Btratum. 

Soils from varioua parts of Wisoonein show a wide range in £xed 
carbon dioxid content, the amount varjing from a TniniTniini of 0.003 
or 0.004 per c^t of the dry weight tp a maximum of 6.0 per cent 
In the soil and Bubsoil of eandy regiona, such as portions of northeast- 
em and northwestern WiBconein, the average amounts are about 0.04 
per cent, for the soil and about 0,02 per cent, for the Bubsoil. Some 
red clay soils that have be^i analyzed, show an average of about 0.06 
per cent with as much as 5.5 per cent, in the sabsoil. In some sam* 
plea of soil obtained on the shores of lake Mendota, the fixed carbon 
dioxid ran as low as 0.02 to 0.03 per cent 

The earlMHi dioxid which ia found in natural water in chemical 
union with other substances exists in two different states. That 
which is united with the base in the form of normal or monocarbon- 
ate, such as CaCOs, or MgCOi, is known as the fixed or combined 
carbon dioxid ; and that which is required to convert the monocar- 
bonate into a bicarbonate is called the half-bound or bicarbonate carbon 
dioxid and it is indicated in the second member of the bicarbonate 
symbol CaCO». H,COi. The half-bound carbon dioxid is not in audi 
a stable union aa the fixed and is, therefore, intermediate between the 
fixed and the free. It is in such a loose combination, in fact, that 
the algae are able to make use of a very large part of it in their pho- 
tosynthetic activities. No portion of the fixed, however, is available 
for the algae. 

Lake Mbndota. 

The water of lake Mendota contains from IT to 29 parts of cal- 
cium per million, the amount varying with the season and also with 
the depth at certain seasons of the year, and from 20 to 26 parts 
of magnesium. The amount of SOi does not exceed 16 to 18 parts 
per million and the chlorin amounts to only about 3 parts, so it 
seems safe to assume that the calciiim and the magnesium are found 
chiefly in the form of bicarbonatee. Therefore, they may be re- 
garded as responsible for most of the 70 to 90 cc of half-bound and 
■fixed carbon dioxid per liter of water wbidi are found in this lake. 
In the tables of the appendix (p. 152) the results are stated in cubic 
centimeters of carbon dioxid per liter of water at 0° and 760 mm. 

Fixed Carbon Dioxid. There are distinct and r^rulftr variations 
in the quantity of fixed or carbonate carbon dioxid during the vari- 
5 ., 

Digitized by \jOO*JIC 



66 DiLAJTD LAXBB. 

OQS BeaBOQB of the jeax. With the exception of the varifttions in a 
thin stratum, of water just under tlie ice in winter, however, the 
changes Bcarcelj ever exceed 16 per cent, of the average amount con- 
tained in the water at the different seasons. B^iinning with the 
water at the time it passes into winter oonditions, we find the fixed 
oarbon dioxid uniform from surface to bottom as a result of the 
autumnal oiroulation. The average amount at the time the lake 
froze over on December 16, 1905, was about 38 ce. per liter and on 
December 18, 1906, 34.6 cc. In the former year this amount grad- 
ually increased during the winter to an average of about 39.6 co. 
throughout the main body of the lake, that is from about 1 m. to a 
depth of 18 m. The increase in the bottom water was more marked 
as it reached a maximum of 43.6 cc. on March 29, 1906. (Fig. 11.) 
During the winter of 1906-7 the fixed carbon dioxid increased to an 
average of 36 cc in the main body of the lalce while the bottom water 
reached a maximum of 40 cc Thus it will be noted that the changes 
during these two winters were of about the same magnitude although 
the total quantity in the former year was somewhat greater than in 
the latter. 

The maximum variations take place within the upper meter of 
water and they are caused by the inflow of drainage water, which 
contains only a small amount of fixed carbon dioxid. Consequently 
after every winter thaw which results in a considerable inflow of 
this water, there will be a stratum just under the ice which contains 
a relatively small amount of fixed carbon dioxid. On April 3, 1906, 
for instance, the following results were obtained; Just under the 
ice 3.4 cc, of fixed carbon dioxid per liter of water; at a depth of 
half a meter, 17.6 cc; and at 1 m. 37.9 cc In a few days this 
drainage water becomes mixed with lake water, which contains more 
fixed carbcBi dioxid and, as this mixing process goes on, a larger and 
larROT amount of fixed carbon dioxid will be found in this stratum 
until finally almost or quite the normal amount may be found here 
if the mixing has continued for a sufficient period of tima Then 
this may be followed by another rain or thaw with a consequent in- 
flow of drainage water which forms another stratum that is deficient 
in fixed carbon dioxid. Thus during the winter, there may be sev- 
eral changes in this surface stratum from almost or quite the nonnal 
amount of fixed carbon dioxid to a relatively small amount, depend- 
ing uptm weadier conditions. In March, 1906, so much drainage 
water which was poor in fixed carbon dioxid flowed into the lake and 
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became mixed with the upper stratum, tiuA the water at a depth of 
6 m. ocoitaiiied lesa than the ncmnal amount of fixed carbon dioxid. 
(See figB. 8-11 and 29-31, and tddee, p. 162.) 

At the completicm of the spring ov«lum the fixed carbon dioxid 
is again uniformly distributed from surface to bottom but there ift 
practically no change in amount from that found in late winter. 
The average for all depths on March 29, 1906, a few days before the 
overturn, was 37.5 cc, per liter of water and just after the overturn 
it waa found to be 37.6 cc In 1907 the averages were respectively 
36.7 cc. and 35.8 oc. Within a short time after {he overturn there 
waa a decrease at aJI depths amounting to about 1.4 cc. in 1906 and 
0.9 oc, in 1907, after which the quantity remained fairly constant un- 
til early June. During the rest of June and in July, there was a 
decrease in the upper water and the minimum amount (32,6 cc) 
was found at the surface during the latter part of August in 1906, 
and the minimum for 1907 was 31.8 cc on July 23. A gradual in- 
crease in the amount of fixed carbon dioxid in the bottom water be- 
gan early in June each year and continued during the summer, reach- 
ing a maximum not long before the fall overturn. The changes which 
the fixed carbon dioxid underwent during the summer of 1906, are 
shown in figures 12 to 31. The autumnal overturn and circulation 
distributed the fixed carbon dioxid uniformly again and there was very 
litUe change in ita quantity until after the lake was covered with ice. 

As yet it has not beeoi possible to determine definitely just what 
causes the decrease in fixed carbon dioxid soon after the vernal over- 
torn of the water. In 1906 the decrease took plaoe within 8 days and 
in 1907 within 5 days after the overturn, but no factor was noted 
which could be held responsible for the change. In the former year, 
the water, down to a depth of 18 m., changed from a distinctly alka- 
line reaction to a neutral one during the period of decrease, and this 
should have tended to prevent the loss of fixed carbon dioxid. la 
1907 the water (Ranged from a distincUy acid condition at all depths 
to a nentral one. These facta make the phenomenon still more pnz- 
zling. This period of rapid decrease was succeeded by one in i^di 
the quantity remained fairly constant and then in early gnmmer the 
fixed carbon dioxid began to gradually decrease in the upper water and 
increase in the lower. Qravimetrio analTses show that there are 
changes in the quantity of caldnm held in solution by the water 
oorreepoaduig to the ohahgee in fixed carbon dioxid; that is, that 
there is a decrease of calciimi in ^is upper water dnring the summer 
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and an increase in the lower. The magnesinm ahowB very little or 
no change. Various factors are responsible for the decreaae of cal- 
cium in the upper water during the aummer. As already stated the 
normal carbonate of calcium is only very slightly soluble in water. 
When the plants remove enough half-bound carbon dioxid from the 
upper water to make it strongly alkaline, the normal carbonate of 
calcium thus produced would tend to precipitate because of its low 
d^ree of solubility. Since also the normal carbonate is not so soluble 
in warm water as in cold, the increase in the temperature of the water 
during spring and summer would increase this tendency to predpi- 
tate. 

The submerged aquatic plants which grow In shallow water also 
remove much calcium from the upper stratum. Much calcareous ma- 
terial is found both on the outside and within the tissues of Chora 
for instance, and the leaves and stems of Potamogeton are always cov- 
ered with a tolerably thick incrustation of such material An analy- 
sis of this orust showed that nearly 34 per cent of its dry weight 
was calcium and only 0.6 per oent magneaium. In fact this incrus- 
tation is frequently so thick on the older leaves that it must impair 
their photoeynthetic activities very materially. In some portions of 
the lake theee plants are abundant, ao that the^ would undoubtedly 
remove an appredable amount of calcium from the upper water in 
the course of the summer. Analyses of Chora show that 38.2 per 
cent, of the dry weight of this plant is composed of calcium and 1.66 
per cent, of magnesium. That is, it oontains about 17 times as mucQi 
of the former as of the latter. Also some of the lime-secreting algae 
which grow upon the rocks in shallow water remove more or less cal- 
cium from the water, for these rooks are frequently found with a 
tolerably thick coating of lime. ' 

The molluscan population of the lake is found chi^y in the shal- 
lower watOT and the calcium removed by them in the formation of 
their shells reduces the stock of this substance in the upper water. 

A very small but perhaps an appreciable amount of calcium is re- 
moved from the upper water by idankton oi^anisms when they die 
and sink into the lower strata. Analyses show that these organisms 
contain over sixty times as much calcium as an equal mass of water. 
Bat they also otmtain nearly as large an azeees of magnesium and 
there is very little or no increase in this enbetance in the lower water 
during the summer. It would seem, therefore, that the plankton 
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plaja only an onimportant rSle in the tranafer of calcium and mag- 
nseium from the upper to the lower water. 

Several writera have pointed out that precipitation of the carbon- 
ates in sea water and other saline waters is promoted by aeration and 
agitation resaltiiig from wind acticm. It may be that a^talion of tlie 
water in lake Mendota by wind baa a tendency to produce a precipita- 
tion of the carbonatea although this water is quite freah, but some 
preliminary experiments along this line gare negative results. How- 
ever, more thorough tests of this nature must be made before the 
question can be definitely answered one way or the other. There is 
undoubtedly a deposition of carbonates along the shore from water 
dashed upon it by strong winds but this deposition ^vould result from 
the evaporation of the water rather tlian from a precipitation pro- 
duced by agitation. 

The increase in the amount of calcium during the summer below 
the thermoeline is due to several factors also. As a result of the 
decay of organic matter, the water of this region becomes charged 
with various amounts of free carbon dioxid, the amount increasing 
as the season advances. Any calcium which might be precipitated 
in the water above and sink down into this region would be readily 
dissolved. Also this water which is charged with free carbon dioxid 
would exert a solvent action on any calcium carried down by the 
plankton organisms which die and sink into Uiis region. The maxi- 
mum amount of calcium, however, is found in the water which is in 
contact with the bottom mud. About 24 per cent, of the dry weight 
of mud found on the bottom in deep water consists of calcium and as 
the water in contact with it is charged with free carbon dioxid, some 
of the normal calcium carbonate will be changed to bicarbonate and 
pass into solution. By diffusion, it will then be distributed through 
more or less of the lower water, but the process of diffusion goes on 
so slowly that a comparatively thin stratum of water will have its 
calcium content increased in this way. The slow currents in this 
bottom water which result from the action of the wind on the upper 
water also aid in the distribution of the water having a high calcium 
content The fact that there is little or no increase of magnesium in 
tlie bottom water during the summer is very probably explained by the 
presence of snch a comparatively small amount of this sabstance in 
the mud. Magnesium constitutes only about 1.3 per cent, of the dry 
weight of this mud. (See table, p. I7l.) 

Half-bound Carbon Dioxid. In neutral waters and those which 
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possess free carbon dioxid, the half-bound or biearbonate oarbon 
diazid is equal in amount to the fixed so that a curve repreeeoting 
the quantil^ of half-bound carbon dioxid in such waters would be ex- 
actly identical with one showing th^ fixed carbon dioxid. If a 
water gives an alkaline reaction with phenolphthalein, however, it 
signifies that there is an excess of normal carbonate in die water, that 
is, the quantity of half-bound carbon dioxid is amaller than that of 
the fixed. In such a water, the free carbon dioxid may be regarded 
as a negative quantity and the bicarbonate, or half-bound carbon 
dioxid would be the algebraio sum of the fi^ed and free. 

Chlorophyl -bearing organisma are able to use a very large porti<m 
of the half-botmd carbon dioxid in their photoeynthetie aotivitiee, 
which makeB this portion of the carbon dioxid a very important 
factor from a biolc^cal standpoint. Seyler* concluded from hia ex- 
periments with Ulva that the photosynthetie process stopped before 
all of the half-bound carbon dioxid was used up, but one of his re- 
sults shows that about four-fifths of it could be removed. A set of 
observations on Big Butternut lake, Wisconsin, showed that ihe plank- 
ton algae had removed about five-sixths of the half-bound carbon di- 
oxid from the upper stratum of that lake. This left a ratiier large 
excess of normal carbonate in both instances, which made the water 
strongly alkaline. (See fig. 33, p. 185, and table, p. 166.) 

Free Carbon Dioxid. The water of lake Mendota which recMvea 
sufficient amount of light to permit photosynthesis, is generally 
well stocked with algae during the greater portion of the year and 
their demands for carbon dioxid are greater than the supply of free 
carbon dioxid which this water obtains from various sources such as 
the air, the respiration of various organisms, the decay of organic 
matter, and the ground water. Consequently they draw upon the 
supply of half-bound carbon dioxid and this resulte in making the 
vpper water alkaline. The d^ree of alkalinity varies of course, de- 
pending upon several factors, chief among which are the abundance 
and activity of the algae, the season of the year, and the weather 
conditions. As might be expected it is greatest in summer when the 
phjtoplankton is most active and when this activity is reenforced in 
L measure by that of the submerged aquatic plants growing in shal- 
low water. 

As an illustration of the effectivemesa of submerged aquatic plants 

> Cbem. News, LXX, p. 139. 1894. 
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in producing a high degree of alkalinity, attention may be called to 
Bome results obtained in a portion of lake Mendota, known as Uni- 
versity bay. The head of this bay is very ehallow, scarcely exceeding 
half a meter in depth, and it is fairly well separated from the re- 
mainder of the bay by a bar which is covered by only a few centi- 
meters of water. An abundant growth of aquatic plants, such as 
Carex, Batrackium, Potamogetcn, and filamentous algae, is found in 
this shallow water and they draw heavily upon the half bound carlxKi 
diozid for their supply of this gas. Following a period of calm, dear 
weadier in June, 1910, it was found that the water in this shallow 
portion of the bay had a very high degree of alkalinity, a maximum 
equivalent to 18.7 ee. of carbon dioxid per liter of water being found 
on June 28. The fixed carbon dioxid amounted to only 28.8 cc. per 
liter of water, which was more than 3 ec less than found in the sur- 
face water of the laka Owing to the shallowness of this water, the 
oxygen liberated by the plants was readily imparted to the air and as 
a reeult this high degree of alkalinity was accompanied by only a small 
excess of oxygen, the amount being but 80.6 per cent above the satura- 
tion point 

The degree of allcalinity is measured by the amount of carbon dioxid 
that would be required to convert the normal carbonates into bicar- 
bonates and thus give the water a neutral reaction with phenolphthii- 
lein. For example, a titration of surface water on July 30, 1907, 
showed the presence of 32.8 oc. of fixed and 27 oo. of half-bound 
carbon dioxid per liter. The difference between these two — 5.3 cc. — 
shows the alkalinity; that is, it would require 5.3 cc. of carbon 
dioxid to convert the normal carbonates into bicarbonatee and make 
the water neutral ; in other words 5.3 cc, of half-bound carbon dioxid 
per liter of water had been removed by chlorophyl-bearing organisms. 
In the diagrams showing the results of single observations, the alkalin- 
ity or negative carbon dioxid is indicated by that portion of the car- 
bon dioxid curve which lies to the left of the zero line and the free 
carbon dioxid by that portion which lies to the right. 

At the time the lake becomes covered with ice, the free carbon 
dioxid is uniform from surface to bottom as a result of the autumnal 
circulation. Just after the ice covered the lake in 1905, the water 
was found to be slightly alkaline at all depths and in 1906, the 
alkalinity amounted to 1 cc. per liter of water. Tha uniform condi- 
tion does not remain for a very long period of time, however. The 
alkalinity in the upper water increased by 0.3 cc. to 0.5 cc during the 
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■winters 1605-06 and 1906-07, and with the exception of one r^on ii 
remained pretty constant throughoui boti wiixters. This exception 
was the thin stratum of drainage water that is sometimes found just 
under the ice and which has already been mentioned as showing large 
variations in oxygen and fixed carbon dioxid. This drainage water 
poBsessed free carbon dioxid eo that just after its appearance this 
water gave an acid reaction but by mixture with lake water and through 
the activities of the algae it was soon changed to an alkaline condition. 
In this way the water of this stratum my change from alkaline to acdd 
and back again to alkaline a few times during tjie winter. 

Aifl already stated, the process of decay in the bottom water, al- 
though very much retarded because of the low temperature, is not 
entirely suspended and ita rapidity increases somewhat as winter ad- 
vances, as a result of the increase in the temperature of the water. 
Free carbon dioxid, of course, is one of the products of decay and 
enough of it is produced within a comparatively short time after 
the lake freezes over to change llie water from a neutral or dis- 
tinctly alkaline resjction to an acid one and this acidity gradually 
increases during the winter. Thus during the winter of 1905-06, 
the bottom water changed from a slightly alkaline condition at the 
time the lake froze over to a distinctly acid one before the ice disap- 
peared in the spring, Uiere being S.6 oc of free carbon dioxid per 
liter of water, (See fig. 11.) During the winter of 1906-07, it 
oliiinged from an alkalinity of 1 cc. to an acidity of 5 cc and on Maroli 
6, 1909, (fig. 31), there were 9 cc. of free carbon dioxid at the bottom. 
When the spring overturn is completed the conditions are again 
uniform from surface to bottom, the entire body of water being near 
the neutral point This homogeneous state lasts as long aa the en- 
tire body is kept in circulation. As the algae increase in number 
and become more active in the process of photoayntiieeis, the alkalin- 
ity increases. Plate VII shows the condition at various depths dur- 
ing the summer. The spaces above the zero line represent n^ative 
carbon dioxid or the alkalinity, while those below the line show the 
free carbon dioxid. Starting with a neutral condition on April 20, 
we find a distinct increase in the alkalinity at all depths, more eaps- 
cally in the upper water, up to May 11. As a result of incomplete 
circulation after this date, the water below 18 m. soon became add, 
due to the presence of the free carbon dioxid produced by decompos- 
ing organic matter and by the respiration of organisms, while the 
water at 15 m. alao, became acid early in June. The amount of free 
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oarbon dioxid at 22 m. varied somewhat during the summer, but the 
total result was an increase to a maxunnm of 9 ea near the end of 
September. As long as the water at 10 m. and JS m. was included 
in the upper stratum which was kept in circulation bj the wind, it re- 
mained alkfilina The maximum alkalinity at these depths was reached 
during the latter part of May ; theu it declined somewhat and remained 
fairly ccoietaut during the month of June. At both depths however, it 
became acid before the middle of July because a definite thermocline 
was formed above them so that this water was cut ofE from further 
mixture with that above and the decay which took place there soon 
produced enough carbon dioxid to make the water acid. At 10 m. 
the water remained acid until about the middle of August when 
the thermocline bad moved down to this depth and added this water 
to the circulating stratum. In ite downward progress, the thermo- 
cline did not reach 12 m. till after the middle of September, conae- 
quently the water at this depth remained acid imtil this time. The 
upper 8 motets of water remained alkaline during the entire sum- 
mer because it was kept in circulation by the wind and was the re- 
gion in which photosyntheeis was carried on ; the demand for carbon 
diosid in this jffocess was greater than the supply of free; so some 
of the half-boimd carbon dioxid was used, thus keeping the water alka- 
line. The alkalinity at the surface was much greater most of tho 
time between early June and late August than at 8 m. but the differ- 
ence between the surface and 5 m. was not very marked during this 
period. 

A general decline in the alkalinity of the water of the epilinmion be- 
gan toward the end of September and continued until late October. 
This decline was due chiefly to four factops. 1. The temperature of 
the water was falling at this time so that conditions for the summer 
algae, chiefly green and blue green forms, were gradually growing more 
unfavorable and the rising crop of diatoms was not so active in the pro- 
cess of photOBjnthesis. 2. As the thermocline was moving down into 
the deeper water rather rapidly at this time, much water which con- 
tained free carbrai dioxid was mixed with the alkaline water above 
and the result was a tendency to reduce the alkalinity. 3. Strong 
winds are generally frequent at thia season and the circulation of the 
upper stratum would be more vigorous so that the water would be 
frequently exposed to the air from which it could absorb free carbon 
dioxid. 4. The decomposition of organic matter would also furnish 
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free carbon dioxid and mvust decompoeRble material was f umidied bj 
the lower water when it was mixed with the upper. 

The overturning of the water betwe^i October 8 and 11 mixed the 
whole body of water thoroughly and resulted in an alkalinity from 
surface to bottom amounting to 2.1 cc; The effect of alternation of 
calm and windy periods is shown for the last half of October and tbe 
early part of November. Strong winds mixed the water thoroughly 
and made conditions uniform. During the calm weather, tbe alkalin- 
ity in the bottom water decreased rather rapidly aa a result of the 
decomposition of organic matter there and on two occasions the bot- 
tom water was found to be acid. There was a decline in alkalinity 
at other depths also but decomposition was greatest at the bottom 
because there was a greater amount of organic material in that re- 
gion. 

Ammonia. In order to determine whether the alkalinity of the 
upper water was due in any appreciable degree to the presence of 
free ammonia, some samples of water taken at the surface and at n 
depth of 1 m. were tested by the direct neaslerization method. With 
phenolphthalein, these samples showed an alkalinity amounting to 3 
cc. of carbon dioxid per liter, but only a trace of free ammonia was 
found in the nesslerization tests, the average amount being about 
one part per hundred million. In view of these results free ammonia 
may, therefore, be disregarded as a factor in causing the alkalinity. 
Drown' pointed out that free ammonia was lower in the pond waters 
which he studied, in summer than in winter because more of it was 
removed by plants in summer. Plants are capable of using free am* 
monia in their anabolic processes so they will readily use up more 
or less of the free ammonia in the water. Aa plants are generally 
more abundant and more active in summer than in winter, larger 
quantities of this gas will be removed from the water in summer. 
The upper water of lake Mendota is generally well stocked with 
fllgae in summer and they undoubtedly are responsible for keeping 
the free ammonia down to such a small quantity. Thresh* states that 
very few natural waters are found which do not contain some trace 
of ammonium salts and that, except in acid, rain, and moorland 
waters, it probably always exists as ammonium carbonate. In the 
form of a neutral bicarbonate, it would not affect the alkalini^ 
but, if changed to a normal carbonate through the action of the phyto- 
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plankton, it would affect tlie alkalinity just the same aa a normal car- 
bonate of oalciom or magnesinni. 

Formates. A question arose as to whetiier the acidity in the lower 
water in Bummer inight not be due in part to the presence of other 
enbetances besides free carbon dioxid. It was thought that organic 
acids, Buch as fonaio for instance, might be formed in the lower 
water, especially in those lakes where there is no free oxygea in this 
region so that decomposition takes place under anaerobic conditions. 
Accordingly two teats were made on the lower water of lake Mendota 
to determine whether any formic acid was present. One test was 
made by Dr. G. I. £emmerer in July, 1909, on water from which the 
dissolved oxygen had recently disappeared, but he obtained negative 
results. A second test was then made by Dr. W. F. Koelker in late 
September, 1909, on water obtained from the bottom stratum, at 
which depth no free oxygen had been found for almost three montlu, 
and his results were also n^ative; The water used for this seormd 
test showed the presence of 6.8 cc of free carbon diozid per liter. 
From these results then it seems evident that formic acid is not re- 
sponsible for any of the acidity in the lower wat«r of such a lako 
as Hendota. Whether it is produced in appreciable quantities in 
such lakes as Garvin and Beasl^, where the acidity of the bottom 
water is several times as great as in Hendota, has not been determined 
as yet. On the basis of the above results, however, all acidity has 
been attributed to the presence of free carbon dioxid, 

Casbon Dioxid of Otheb Lakes. 

For tlie sake of convenience in discussing the carbon dioxid condi- 
tions, and later also, in discussing their relation to biological condi- 
tions, the lakes that have been studied may be grouped into three 
classes on the basis of the amount of fixed carbon dioxid present. 
It must be remembered, however, that the lines separating the groups 
are drawn rather arbitrarily, since the maximum amount of fixed 
carbon dioxid found in some of the lakes belon^ng to the first 
group, closely approaches the minimum amouint found in some lakes 
belonging to the second, and the same is true of the second and tliird. 
That is, considered as a whole, these lakes form a continuous series 
from those having the softest water to those having the hardest. 

The first group may be termed the soft water lakes, since their 
waters hold small amounts of calcium and magnesium in solution. 
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In this class have been placed those lakes whose av^'^ge fixed carbon 
dioxid content does not exceed 5 ea, per liter of wa;ter. 

Five of these lakes had less than 1 cc of fixed carbon dioxid, the 
amount being 0.4 cc. in coie, 0.5 cc in two, 0.76 cc in the fourtl^ 
and 0.9 co. in the fifth. In 14 of the 31 lakes belonging to this 
group, the average amount of fixed carbon dioxid was less than 2 cc 

The second group includes those lakes which tnay be regarded as 
having a medium amount of fixed carbon dioxid, those which had the 
minimum amount possessed only a little more than 5 cc. per liter of 
water, while those at the othw extreme had nearly 22 co. Ninety- 
one lakes in all fall within those limits. In 58, the average amount 
of fixed carbon dioxid doee not exceed 10 cc per liter of water ; in 
22, it was between 10 and J.'5 oc. ; and in 11, it exceeded 15 oc, four 
of which contained more than 20 cc All of the lakes in northeastern 
and northwestern Wisconsin and Devils lake in the southeastern part 
of the state belong to the first and second classes. The northern lakea 
are situated in a glaciated r^on where the drift appears to contain a 
comparatively small amount of calcareous material. Devils lake occu- 
pies a quartzite basin which contains very little drift. 

The third class may be r^arded aa hard water lakes. Those hav- 
ing the minimum amount of fixed carbon dioxid ocsitained on an aver- 
age about 32 cc per liter while those with the maximum amount had 
nearly 50 cc All of the lakes belonging to this group are situated 
in the soutbeastem quarter of Wisconsin. 

Soft Water Lakes. In 26 of the 31 lakes bolonging to the first 
group, or soft water lakes, the water gave an acid reaction with phe- 
nolpibtbalein at all depths, thus indicating the presence o£ free carbon 
dioxid. In the lower water of the deeper lakes there was a higher 
d^ee of acidity than at the surface, which resulted from the produc- 
tion of free carbon dioxid in that region during the decay of oiganic 
matter. In some cases also, there was more free carbon dioxid In 
the upper water than would be absorbed from the air and this larger 
amount was doubtless due chiefly to the decay of organic material in 
the upper stratum. 

The five excepti<His noted above were Wild (Soose (fig. 35), Little 
Sissabagama, and Hammills lake (fig. 63), all in northwestern Wis- 
consin; Clear lake at Minocqua (fig. 65) and Devils lake near 
Baraboo (figs. 66 and 67). In the first three lakes the surface water 
gave an alkaline reaction with phenolphthalein. In Wild G^xtee lake 
the alkalinity amounted to 0.5 cc of carbon dioxid per liter of water 
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at the surface and 0.26 oc at the bottom, hut the maximuDi dept^ is 
only 4.5 m. In the other two lakes the water was alkaline at the 
surface (equivalent to 0.75 cc) but the lower water contained con- 
siderable free carbon dioxid (8.6 cc. and 9.6 oc.). In Clear lake the 
water has been acid from surface to bottom two out of the four som- 
mers it has been visited (see fig. 64) hut on August 11, 1909, an 
alkaline stratum was found, being correlated with a r^ou of high 
oxygen. The alkalinity at 7 m. and 8 m. amounted to 0.76 cts. with 
acid water both above and below theee depUis. (See fig. 66.) On 
Juiy 16, 1910, the water of this lake was alkaline at 6 m. and 1 m. 
(1.0 cc. and 1.4 cc. respectively), but it was acid both above and be- 
low theee depths. (See table, p. 166.) 

IJkewise the water in Devils lake has been acid generally from 
surface to bottom but on June 15, 1907, the surface water was neu- 
tral while that at 3 m. and 6 m. waa alkaline. On July 6, 1907, 
the water at the surface and 3 m. was again acid, but still alkaline at 
6 m. and on July 27, it was acid at all d^ths. The alkaline stratum 
waa correlated with a very large growth of Staurastrum ^ich 
reached a maximum number of 176,000 individuals per liter at 3 m. 
on June 16. (See figs. 66-68, p. 200.) 

The amount of both half-bound and fixed carbon dioxid is small 
in these lakes, of course, and generally both are very uniformly dis- 
tributed from surface to bottom. 

Medium Waters. The quantity of fixed carbon dioxid in the up- 
per stratum of water of diese lakes varied from about 6 cc in t^ose 
with the softest water to almost 22 cc. in those with the hardest. In 
several of liiese lakes which were deep enough to be distinctly strati- 
fied thermally, there was a very marked increase in the amount of 
fixed carbon dioxid in the lower water, more especially near the hot* 
torn. In AllequasK lake the amount in the bottom water exceeded 
that at the surface by ae muc^ as 10.3 cc. while in others this differ- 
ence varied from 5 cc to 8 cc. In the majority of instances, how- 
ever, tlje difference did not exceed 3 oc. (See figs. 69-71.) 

Among the lakes belonging to the second group, a surface stratum 
▼arying in tluckneee from 3 m. or 3 m. to 8 m. or 9 m. was found to be 
neutral in 4 and alkaline in 38 at the time they were visited. The 
maximum alkalinity was found in Butternut lake (fig. 88) whoe it 
was equivalent to 10.1 cc of carbon diozid. This high degree of 
alkalinity was correlated with a laige growth of alga^ diiefly BUm- 
ra^rum, AnabaeTia, and diatoms in the order named. In some other 
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ikkes, also, this stratum had an alkalinity of 5 cc to 7 cc., but iu the 
great majority it did not Axoeed 3 oo. An alkaline Btratum was also 
found in Silver lak^ but it did not lie at the aurfaoe. (See figs. 1i 
and 73.) On August 31, 1907, the u|^r water to a depth of 6 m. 
was aoid but at 7 m. the alkalinity was equivalent to I'.fi cc. of oai^ 
bon dioxid per liter of water while at 8 m. and below it was acid. 
On August 27, 1908, the alkaline stratum was found at 8 ul witli 
neutral water at m. and acid both above and below these depths. 
This alkaline stratum was found ftn? a third suocesaive season on 
August 9, 1909. On July 19, 1910, the water of Silver lake was 
alkaline from the surface to a depth of 8 m., neutral at 9 m., and acid 
below this depth. In 4 of the lakes of this group, the water was either 
alkaline or neutral from surface to bottom but the maximum deptii at 
theee lakes did not exceed 6 m. The bottom water iu all except these 
4, was distinctly acid and in 49 of the 91 lakes belonging to ihis 
group, the water was acid from surface to bott(»n, the d^^ree of acid- 
ity in most cases increasing very perceptibly toward the bottom. 

Hia^ Water Lakes. Lake Mendota may be takdn as a fair ex- 
ample of the third dass of lakes, or those which have tolerably hard 
water. Some of the lakes belonging to this group have a greater 
amount of fixed carbon dioxid while others have a smaller amount 
than Mendota so that this lake may be r^arded as a good retpreseutar 
tave of the group. It may be said also that, for the most part, the hie- 
tory of the carbon dioxid in the lakes of this group, is substantially 
the same as iu lake Mendota. At the time of the Temal and autumnal 
overturns, the carbon dioxid c<aidition8 become uniform from surface 
to bottom and remain so as long as the period of complete cdrculation 
lasts. In a few of these lakes, however, that is, t^ose which are com- 
paratively small and well protected from winds, the weather condi- 
tions may be such that the general circulation is not complete in the 
spring. In such instances the gas conditions do not become uniform 
from surface to bottom. (See table for results on Beaaley lake in 
1909, p. 144.) 

Fx^ Cabbon Dioxid. 
Winter observations have not been made on any lake regularly 
other than Mendota, so that the winter story of this gas must bo 
confined to one or two sets of observations on each of seven lakes. 
Taking up first the free caiiwn dioxid, a set of observations on Green 
lake made <m Pebruary 16, 1906, showed that the water was alkaline 
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frcHQ surface to bottom, the degree o£ alkalinity being equivalent to 
1.6 oc of caxboQ dioxid at the surfaoe and 1.2 cc at the bottom 
(66 m.). (See fig. 36.) On Febrnary 22, 1906, the upper 16 m. ■ 
of water in Kagowicka lake (aee table p. 15?) gave an alkalipe re- 
action; it was neutral at 20 m, and add below thu depth, the free 
carbon diozid amounting to 4.2 oc. per liter of water at th^ bottom 
(26 m.). On March 16, 1906, the water of this lake was acid from 
surface to l>ott(na and the same condition was found on March 2, 
1907. On March 3, 1907, the water in both parte of North lake 
(see fig. 80 and table p. 158) was acid from Burface to bottom, Tlje 
bottom water in the east pert contained 7.5 cc of free carbon diosid 
per liter and in the west part 10.1 cc The water of Okatichee lake 
(fig. 91) was also found to be acid throughout its entire depth on 
March 4, 1907. On March 19, 1909, it was found that the water 
in Beasley, Long, and liainbow lakes was acid at all depths (aee 
tables pp. 144, 150, 161), the bottom water in Beadey having aa 
much as 20.4 cc of free carbon dioxid per liter. 

Onlj a few of theee lakee have been visited either immediately or 
very soon after the disappearance of the ice in the spring, so the his- 
tory of the free carbon dioxid at this particular period is not very 
complete for any lake except Mendota. In those lakes whose waters 
experience a complete vernal overturn after the disappearauoe of the 
ice, the free carbon dioxid will be uniform from surface to bottom 
upcm the completion of this process. Bat there are lakes in whioh 
the vernal overturn is not complete. Bruits obtained on Beasley 
lake on April 22, 1909, which was only two or three days after the 
ice disappeared, showed that no complete overturn of the water had 
yet taken place and subsequent observations showed that it did not 
take place later. Under these circumstances, the vernal carbon 
dioxid conditions were similar to those found in summer. That is, 
the upper water was alkaline while there was a bottom stratum con- 
taining considerable free carbon dioxid ; but the alkaline stratum was 
thicker in April than in summer and the bottom water did not have 
such a large amount of free carbon dioxid in April as it had later 
in the season. The decomposition of organic matter in the lower 
water daring the amnmei' adds veiy materially to the supply of free 
carbon dioxid, so that by the end of summer this water may possess 
a large quantity of the gas. Garvin lake is a good example of tins 
type Its shores are well wooded and in the autumn it receives a 
large supply of leaves which sink and literally cover the bottom. 
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In addition it Bupporte a large growth of plankton wliich also fur- 
nishes much decomposable material to the lower water. Wlien this 
material decays a large amount of free carbon dioxid is formed in 
the lower water and, as it escapee very elowly by diffusion, it accumu- 
lates in this region. In this way the bottom water may become so 
highly charged that it will effervesce vigorously when pumped up 
and exposed to the air. This effervescence may be accounted for in 
part by the presence of considerable mediane but it seems certain 
that it is due very largely to the lai^ amount of free carbon dioxid 
present. It was found that the bottcnn water of Garvin late con- 
tained as much as 49.1 cc of this gas on October 14, 1906, (fig. 53), 
and 30.4 oc per liter on August 1, 1908. The bottom water of Beas- 
ley lake contained 32,9 oc. of free carbon dioxid per liter on October 8, 
1909. (See tables, pp 14S, 147.) 

In the larger lakes of this class, which are more exposed to the ac- 
tion of the wind, so that there is a complete vernal overturn of the 
water, the story of the free carbon dioxid is substantially the same as 
in lake Mendota. At the completion of the overturn the w^ter may 
be neutral or more or lees alkaline from surface to bottom and dur- 
ing the period of the vernal circulation it becomes distinctly alka- 
line as a result of the action of the algae. This c(mdition obtains aa 
long as the circulation of the water is complete. When the bottom 
water ceases to take part in the general circulation, however, it soon 
becomes add, thus showing the presence of free carbon dioxid. This 
stratum of acid water gradually increases in thickness with varying de- 
grees of rapidity in different lakes until it finally indudea all of die 
water below the thermoclina In a deep lake, such as (Jreen for ex- 
ample, all of the water below the thermocline may not become acid 
before late August or early September, but in the shallower lakes, 
those having a depth not to exceed 30 m., all of die water below the 
thermocline graierally becomes acid very soon after the lake becomes 
thermally stratified. The free carbon dioxid accumulates in this 
water during the summK- but never reaches a maximum of more than 
15 oc. per liter, the amount being much less than this in the lai^;er, 
deeper lakes. The upper water of these lakes remains alkaline during 
the summer, the degree of alkalinity depending largely upon the 
abundance and activity of chlorophyl-bearing organisms. 
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In general, the history of the fixed oarbou diozid differs but little 
from that in lake Mendota. There are the aame uniform oonditionB 
during the vernal and autumnal periods of circulation. Tbe former 
ie followed bj a period in wbit^ there is a decrease in the fixed carbon 
dioxid in the upper water during tlie aununer and an ioureoae in dw 
lower, the amounts of decrease and increase varying very maob in the 
different lakes. The summer decrease amounted to as much as 6.7 oc. 
in the eaat part of Korth lake and only 5 co. in Green. The bottom.in- 
erease varied from a minimum of 2.8 ca in Green lake to a little more 
than 20 cc in- Garvin. The winter observations that were made on 
lakes of this group, showed the same conditions substantially as found 
in lake M^idota. 

Five lakes, however, have shown some more or less pironouuced pecu- 
liarities in their fixed carbon dioxid which require special considera- 
tion. These lakes are I^iights, Beasley, Long, and Otter of the Waa- 
paoB chain of lakes, and North lake which belong to the Ocmomowoe- 
Waukesha group. The most marked variations have been found in 
Enights, Beasley, and Otter lakes. Some of the diagrams showing 
tile results for fixed carbon dioxid in tiiese lakes have well defined 
notches in the r^on of the thermodine which indicate a stratum of 
water with a smaller amount of fixed carbon dioxid than the water 
eitber immediately above or below it 7he following diagrams show 
such notches in tiie fixed carbon dioxid : Beasley lake, Hay and Aug- 
ust, 1906, (figs. 43 and 44) and August 3, 1908, (fig. 46) ; Knights 
lake, August 14 and 25, 1909, (figs. 56, 56) ; Ottar lake, August 20, 
1906, and August 13, 1909, (fi^ 68, 61). 

With the exception of the observations on Beasley lake in 1906, it 
will be seen that these strata containing a smaller amount of fixed 
carbon dioxid are correlated with excess oxygen, the minimum amount 
of the former being found at tbe same depth as the maximum amount 
of the latter. This evidence seems to point to the chlorophyl-bear- 
ing organisms wtiich produce the access o^^;en as the cause of tbe 
decrease in the fixed carbon dioxid. In the process of photosynthesis 
these organisms remove half-bound oarbon dioxid from tbe biear^ 
bonatee in tiiis stratum and reduce them to normal carbonates. 

The presence of normal carbonates in tbe water ^ves it an alka- 
line reaction witii pihenolphthalein and the degree of alkalinity depends 
upon tiie amount of normal carbonates formed and hence upon the quan- 
6 
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tity of half-bound carbon dioxid removed. The increase in alkalinity 
in these lake waters does not continue indefinitely, however. It rarely 
beoomeB grea,ter than equivalent to 7 cc. to 8 cc. of carbon dioxid per 
liter of water. When the alkalinity reaches this stage, it appears that 
some of the normal carbonates are precipitated and this prevents far- 
ther increase. This precipitate sinks into the lower water and leaves 
the high oxygen stratum with a decreased amount of fixed carbon 
diozid. This decrease is represented by a notch in the fixed carbon 
dioxid curve. Analyses show that this notch is doe almost entirely to 
a decrease in the calcium. CaCOa is less soluble in water than KgOO* 
and of course wiU be precipitated first. (See tables, p. 144.) 

Fig. 7 (p. 106) shows reflults of analyses of water obtained at differ- 
ent depths in Beasley lake on August 3, ld08. These results are ex- 
pressed in parts per million. The samples were taken at the same 
time and from the same depths as samples for the determination of 
the carbon dioxid and the dissolved oxygen. The curve re^H-esentLng 
the calcium shows a notoh oorresponding to the one indicated in the 
fixed carbon dioxid. (See fig. 46.) There was a decrease in the mag- 
nesium at this depth also, but the quantity of magnesium below the 
thermodine did not increase sufficiently to give a well marked not^ 
in this curve too. Judging from these resiilts, it appears that the loss 
of calcium in this stratum is chiefly responsible for the decrease in 
fixed carbon dioxid and that magnesium plays a minor rola (See 
tables, p. 144.) 

In some instances the smaller amount of fixed carbon dioxid was 
correlated with neither a very large excess of ox^en nor a maiked 
alkalinity. The most probable explanation of this seems to be 
that these obeervationB were made at a time when the arganisma 
which were responsible for these conditions, w<ere on the decline in 
num1>er and activities, so that tlie decay and respiration taking place in 
this re^on would soon reduce the alkalinity as well as use up some 
of the excess ox^^. 

It is interesting to note that no decrease of fixed «arbon dioxid has 
been found in the excess oxygen stratum before the quantity of dis- 
solved oxygen amounted to 14 cc, or 15 cc. per liter of water. On the 
other hand it may be said that 14 oc to 16 oo. have been, found in 
strata which did not show any decrease in fixed carbon dioxid. 

Turning now to the results obtainea on Beasl^ lake in 1906 (figs. 
48 and 44) we see that the stratum with a smaller amount of fixed 
carbon dioxid was distinctly below tibe r^on of excess oxygen and 



dbyGoogle 



<}AItBON DIOXlD—BAItD WATBB LAKBB. 83 

increased alkalinity. The difference in depth between tte maximum 
amount of oxygen and the minimum amount of fixed carbon dioxid 
varied from 3 m. on May 18 to about 1 m. in August. Furthermore 
the curves show that the minimum amounts of fixed carbon dioxid were 
found at depths where the water was either neutral or acid, and con- 
tained less dissolved oi^gen than the amount required for saturation. 
There are two possible explanations of this phenomenon, neither of 
which is very satisfactory. The paucity of fixed carbon dioxid in this 
stratum might have be«i the result of the activities of ehlorophyl- 
. bearing organisms just as indicated above for Beasleiy lake in 1908, 
and for other lakes. But this explanation would necessitate the sup- 
position that the organisms reepon^ble for this condition had run their 
course and disappeared and that, likewise, all traces of alkalinity and 
excess oxygen had disappeared from this stratum by May 18. Fur- 
thermore, it would be necessary to suppose that all of this had taken 
place in about a mondi's time, for the ice does not usually leave Beas- 
ley lake before the middle of April and the spring circulation disturbs 
the water to a greater depth than this stratum, so this condition could 
scarcely have been produced in the winter and remained through the 
spring. As soon, however, as the thermooline was well established, 
which was some time previous to May 18, tbis stratum would not b© 
subject to further disturbance until the thennodine moved down to 
this depth in late summer, and this would readily accoimt for its pre- 
servation during the summer. 

On the other hand, it ia possible that this stratum was the result of 
purely physical factore. Three sets of observations have been made 
on Beasley lake in the latter part of April (April 26, 1907, April 17, 
1908, and April 22, 1909) and in each case the fixed carbon dioxid 
was found to be mn(^ smaller in quantity, except near the bottom, 
than the average amount a month later, or in fact at any time during 
the summer. This smaller amount of fixed carbon dioxid resulted, 
doubtless, from the dilution of the lake water with a large amotmt of 
surface drainage water during the early spring floods. The water 
which flows into the lake through Beasley brook, the inlet, generally 
contains a larger amount of fixed earbon dioxid than was found in 
the main portion of the lake in April, Both the inlet and outlet 
are situated at one end, so that the water flowing into the lake may 
pass on through without b^ng mixed with any large amount of the 
surface water. In this way, the incoming brook water which con- 
tains a lai^er amount of fixed carbwi dioxid would be mixed with 
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^XB surface water of the lake slcnrl; and gradually bo tbat eoough 
time irould elapse for the formation of a more or less distinct thermo- 
eline before the mixiiig proceea would Kadi this deptlL 

The tliennodine r^oa then and a stratum below would oonsiet of 
water whifsh had a smaller amount of fixed carbon dioxid as a result 
of the spring floods, and there would be no further chance for die 
mixture of thie water witli ^t above after the formation of the tliei^ 
mocline except as the latter gradually moves down deeper aa summer 
progresses. It appears that some of the bottom water, about 2 m. 
gODorally, may not be disturbed very much at the time of the spring 
Orertum and' drculatiou, so that it retains a considerable amount of 
tree carbon dioxid and also possesses much more fixed carbon dioxid 
than the water above which has been diluted with drainage water. 
This would form a surface and a bottom stratum wit^ a larger amount 
of flxed carbon dioxid tban the middle one. The increase in the 
thi^^ess of these two strata would produce a sharply defined middle 
stratum which was deficient in fixed carbon dioxid. But uo obemra- 
tions were made earlier than Kay 18, 1906, and oonaeqaently theie , 
are no definite evid^ioee to show how this atratiun was formed in 
that year. (See table, p. 144.) 

The results for fixed carbon dioxid in Long lake for July 7 (fig. 
fl3), and August 22, 1906, June 24, 1907, (fig. 95), and July and 
August, ISOT, present small irregularities in the mid-stratum of the 
lake which were in all probability the result of physical conditions. 
This is a long, narrow lake and at its upper end, a stream of water 
flows into it from Beaaley and another from Columbian lake. There- 
fore it does not seem at all unlikely that this inflowing water might 
fonn a surface Btratiun in spring over water which had beeoi diluted 
by the spring floods and thus contained a smaller amount of fixed 
carbon dioxid. Then the increase in the fixed carbon dioxid in the 
bottom water would produce the conditions noted on tiie above dates, 
that is, a more or less definitely defined middle stratum which contains 
a somewhat smaller amount of fixed carbon dioxid than either the 
water above or that below. This stratum in Long lake is too poorly 
defined and too deep to be attributed to biological factors. 

The fifth lake which requires special mention is North lake which 
belongs to the Oconomowoo-Waukesha group. This body of water 
consists of two parte which are ccmnected only by a shallow channel, 
so that the two parts are in reality two distinct lakes. The water con- 
tains more fixed carbon dioxid than any other lake that has been 
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studied. Judging frpm tte reeults obtain^ in May aud June, l^pT^ 
it seems probable that the &xed carbon dioxid ia Bubstantially the s«^^ 
in amount in both parts during the spring flood aud circulation per- 
iods. Thjsa, as the season advances a difference arises. In 190S 
this dl^ersnce ww wqU eetsUi^d as early aa ]4ay 11, oq which date 
tb^ first set' of, Q]^B^irvftt.ffitia was made in tbftt year. Thp ezcesf ^ 
fiited carbon dioxid. in the east part varied from 1 cc. to 4. oc during 
the entire season, that is from May tp October. In 1907 the amount 
of this gas was substantially tb@ same in both parte, in May and Jnm^ 
slight djffereaioea being noted in the latter month; on July 10. the 
excess in the eastern part averaged somewhat lees than 1 cc per liter 
of water down to a depth of 8 m., below which the two parts were 
about the same; on September 4 the differences at all depths varied 
from 2 oc to 4 cc., the eastern part having the larger amount. A set 
of observations made on July 31, 1908, showed differ^oee of this 
magnitude, also. (See table p. 1S8.) 

The inorease in the fixed carbon dioxid of the eastern part is 
doubtless accounted for very largely by the fact that it receivee a 
considerable amount of spring water which contains about S.l pnr 
cent, more fixed carbon dioxid than the lake water. So far a^. can 
be determined, very little ground water enters the western part so 
that its supi^y consists almost entirely of the overflow from the east- 
em portion. 

In 1906, the west part showed an unusual distribution of the fixed 
carbon dioxid in three sets of observations. The curves for July 30, 
and September 18 (figs. 77, 78), show a slightly greater amount of 
this gas in the lower part of the thermocline than in the water above 
or in that immediately below this region. This condition was estal^ 
lished some time between June 29 and July 30 as it was not found 
on the former date but was on the latter. There was a marked de- 
crease in the fixed carbon dioxid in the upper 4 m. of water daring 
this interval of time and the increase in the S-8 m. stratum probably 
resulted, from normal carbonatee which were precipitated out of the 
upper water and - and were redissolved below upon reaching water 
which was charged with free carbon, dioxid. 

On the assumption that the half-bound oarbon dioxid is e^ual to 
the fixed in neutral and acid waters, it is not ncceasarv to discuso 
this part of the carbon dioxid, for its history would be the same «3 
that of the fixed carbon dioxid in such waters and in alkaline waters, 
its amount would be equal to the algebraic sum of the fixed and the 
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alkalinity, tbe degree of the latter being i^resanted by a negative 
qtiantity. 

Fbh Ouboh Dn^iD, Waitpaoa Laxbs. 

The diagrams reprawting the seasonal reeulta on the Waupaca lakes 
(Plates VIII to X) are simjlar to the one already described for Men- 
dota (Plate VII). That is, the zero line indicatea neutrality, Uie 
bpace above this line indicates the de^ee of alkalinitj, and the space 
below shows tlie amount of free carbon dioxid. The diagram for 
Beaeley lake on March 19, 1909, (fig. 48) shows the late winter 
oonditions in this lake and it will be noted that the water was dis- 
tinctly acid at all depths, the maximum amount of free carbon diozid 
being 20.4 cc per liter of water at the bottom. Two or three days 
after the disappearance of the ic^ that is, on April 22, conditions 
were very different with respect to free carbon dioxid. The water 
was found to be neutral at a depth of 6 m, ; above thia depth it was 
distinctly alkaline and below distinctly acid. The maximum amount 
of free carbon dioxid was 7.8 oc at the bottom, just a little more than 
a third as much as bad been present a month earlier. The seasonal 
diagram for Beasley lake (Plate VIII) shows that most of the water 
above 10 m. became alkaline by May 5 as a result of the action of 
chlorophyl-bearing organisms and of the circulation of the water 
which had extended nearly to this depth. But the water at 8 m. 
soon became acid and remained so during the rest o£ the season. 
With the exception of the water at 6 m. <m. July 1, the oitire 0-6 dl 
stratum remained alkaline from April 22 till about the middle of 
October when enough of the lower water which was strongly acid, was 
mixed witli the upper to make the water acid at all depths. Hone of 
the upper water was ever found with a very high degree of alkalinity, 
however. 

There was a ^naU hut gradu^ increase in the amount of free 
carbon dioxid at 10 m. as the season advanced, a more marked in- 
crease at 12 m. but the largest increase was at 14 m. where tlie 
amount reached a maximum of almost 33 oc per liter of water <m 
October 8. The autumnal overturn made conditions uniform frcon 
surface to bottom and the amount of free carbon dioxid in the lower 
water together with that which was formed by tlie decay of organic 
matt«r during the overturning process, was great raiough to make the 
water acid at all depths at the completion of the overturn. The 
curve for 14 m. shows some rather wide variata<ms in the amount of 
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free carbon dioxid at different times but it is not to be suppofled tbat 
cbang^ of such a magnitude take place iu the bottom water which is 
practicall; undisturbed during the summer. These variations are 
to be attributed rather to differences in the distance from the bottom 
mnd at which these bottom samples were obtained. The generation 
of free carbon dioxid was greatest, of course, in the bottom ooze be- 
cause it contained the greatest amount of decomposable matter and 
the nearer to this ooze a sample was obtained, the larger would be 
the amount of free carbon dit^id. It was impossible to obtain a sam- 
ple at exactly the same height above the ooze each time, since depths 
were measured from the surface, and the boat was not anchored at 
precisely the same place in the different visits. 

The seasonal diagram (Plate IX) for free oarboa dioxid in Long 
late shows that the water was either neutral or alkaline at all 
depths on May 5. AU the water from 10 m. to the bottom soon be- 
came acid and remained so during the rest of the season. That at 
S m. became acid in early June and continued so, while that at 7 m- 
became so about the middle of June and, with two exceptions, when it 
was neutral, it remained acid throughout the season. The curves for 
C m. and 7 m. show that the line of neutrality in this lake as well 
as in Beasley lay gomewhene between these two depths during most of 
the summer. 

There were two maxima in the alkalinity of the upper water, one 
on June 3 and the other on September 24, with a marked decrease 
on July 1. The maadmnm amount of free carbon dioxid at the bot- 
tom was found to be approximately 14 oo. on October 8. In Long 
lake, also, the water was found to be slightly acid at all depths at the 
completion of the autumnal overturn. (See tables, pp. 144, 150.) 

The water of Rainbow lake was neutral at all depths on May j 
but within the next two weeks it had separated into an upper alka- 
line stratum and a lower acid stratum with 15 m. as the dividing 
line (see Plate X). By June 3, the water at 10 m. had become 
acid and it was more strongly so on June 17, but on July 1 it wM 
neutral at this depth and distinctly alkaline <m, July 16. A compari- 
son with the oxygm diagram (Plate VI) will show t^at this change 
from an acid to an alkaline reaoti<m was correlated with a marked 
increase in the oxygen at 10 m. Both of these phenomena were the 
result of the photosynthetio activitiee of chlorophyl-bearing oi^nisma 
in this region. At the end of the next two weeks the water at this 
depth was distinotly acid and it remained so until late October. The 
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9 nL vater remained alkaline until about Uie middle of Angost ipfaen 
it too became acid and ooutiniied bo until late October. 

Bj May 19, the 8 m. water bad become distdnctlj alkaline and it 
remained alkaline till November 12 vith die eroeption of the aet of 
obaervatioos made on SeptMnber 9. The stratom abore 8 m. «a* 
a l kaline alao from Hay 19 to November 12. There were two maxi- 
mum periods of alkalinity in the upper water during the season, one 
about the middle of June and the other during the latter part of Sep* 
tember. Theee were Bq>arated by a diatinotly lower alkalinity dur- 
ing the month of July. It will be noted that this period of lower 
alkalinity in the 6-8 m. stratum was correlated with an exoefla of 
oxjgsa. in this region and that the two maxima of alkalinity wore not 
correlated with a maximum of ox^en. The June maximum of 
alkalinity was correlated with an increase in the number of green and 
blue green algae but these algae continued to increase in number dur- 
ing the latter part of June while the alkalinity waa decreasing. The 
September maximum was not CDrrelat«d with any increase in algae. 

The maximum amount of £ree oarbon dioxid was found at the bot- 
tom (27 m.) on October 8 and it amounted to just a little less than 
10 cc. per liter of water. At the completion of the autumnal over- 
turn, the water was again neutral at all depths, thus completing its 
Bummer cycle and returning to the same condition .which was found 
on May 5. (See tabH p. 162.) 

Voigt's' results for free carbon dioxid in the (Jroaser Ploner See 
show that the upper 5 m. of water mnained alkaline, with only a 
few exceptions, during the period covered by his observations. The 
water was alkaline also at 10 m. in about half of the observatitaia 
made at this depth, but below this depth it gave an acid reaction, ex- 
cept from December to April when the water was alkaline at all 
depths. 

Several investigators have found that sea water is alkaline, no 
trace of free carbon dioxid being foimd until very considerable depths 
are reached. The total amount of half-bound and combined carbon 
dioxid may not exceed 50 cc per liter of sea vrater (Tomoe^ 49.0 oa ; 
Pettereecm and Ekman* 40.65 to 48.72 ee.) while in some of our hard 
water lakes, the half-bound and combined carbon dioxid may reach 80 
cc to more than 90 cc, in the upper part of the lake when the watn 



I PlSDer Forachungeber., XII, p. 116-144. 190E. 

1 Jour, I, Prakt. Ch«tnle, XX, p. 4 4-76, 1 879. 

> Kgl. 8v. V«t Akad. Handllngar. XXIZ, No. 8, p. 1-llB, liW. 
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is alkaline and nuiy eocoeed 100 oa in tUe lower inter in aimunar -vriiea 
this regioa is aoid. 

Gabbon Dioxid ts GEomTD Watbbb. 

The waters of 11 springs and 28 walls, repreeenting eadi o£ the 
■^ato geoeral lake regions oonsidered in this report, were tested ixn 
«arlK>n dioxid. llhese springs and wells are sitnated on the shores of 
lakes and thmr waters ought to give a fair notion c^ the oarbcm dioadd 
ocmtemt of iJie ground waters in the vioini^ oif the lakes. 

All of these waters contained &ee carbtm dioxid, but the quanti^ 
was very variable in each of the three regions. In tlie ground waten 
of northeastern Wisconsin, the quantitj ranged from a Tm'minT iTn of 
1,3 cc, per liter to a majdrnmo of 38.7 co. ; in northwestern Wisoonsin 
from 2.8 oo. to 47.8 cc ; and in the southeastern part of the state from 
4.2 cc. to 29.1 cc. 

Thra« was also a marked difference in the fixed carbon dioxid con- 
tent of these spring and well waters. In 17 springs and wella in tlie 
northeastern part of the state, the fixed carbon dioxid varied from 3.8 
flc. to 26.3 cc. per liter of water. The quantity exceeded 9.1 oo. in 
only two instances and, omitting them, the mean for the remainder 
is 6.1 cc The quantitj of this gas was smaller than that in the adja- 
oent lake water in 4 cases, equal to it in 5, and greater in 8 instanoes. 
In the northwestern lake region, the quantity of fixed oarbon diosid 
ranged from 1.8 cc. to 34.7 cc Eleven waters were tested and the 
mean for them is 12.6 cc In 4 instances the ground water ocmtained 
a smaller amount of fixed carbon dioxid than the adjacent lake water, 
in one ease the two were equal and in 6 the lake water contained a 
smaller amount In the ground waters of southeaatem Wisconsin, 
the quantity of fixed carbon dioxid ranged from 44,3 oa to 111.8 oc. 
per liter. The mean for 18 waters is 64.6 co. In oomparison with 
the waters of adjacent lakes, the amount of this gas was apprarimately 
the same in some of the ground waters as in the bottom waters of the 
lakes, while in others the former contained two and a half times as 
mudi. Since the surface waters of these lakes contain a smaller quan?- 
tity of fixed carbon dioxid in summer than the bottom waters, a oom- 
parison of them with the ground waters would show differemjes 
somewhat greater. 

In the ground waters of northeastern and northwestern Wisoonflin, 
there was a greater range of fixed carbon dioxid otmtent than in ihose 
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of the BOutheastern eection of the state. In the northeastern part^ the 
maxiiniun quantity of this gas is nearly ten times as great as the mini- 
mum ; in the northweatem i>art, nearly twenty timee as great; and in 
the eoutheaetem part only two and a half times as great. The mde 
range of variation in t^e northern eectiona is due to local variaticma 
in the oompositicm of the glacial drift, more especially to an ingnlar 
distributi<ni of calcium and magnesium. All of the waters contained 
free carbon dioxid, thus showing that th^ were not saturated mi^ 
oarbonatee; therefore it seems safe to assume that these carbonated 
wateni converted the normal oarbonatee oi caldnm and magneeium of 
tlie drift through whic^ they percolated, into the biearbonatee which 
were found in the waters, in proportion to the amount of tlieee car- 
bonates in the drift. "La. the southeastern portion of the state, these 
carbonates are much more abundant ,and more evenly distributed in 
the drift and bed rock so tliat the variations in the £xed carbon dioxid 
c(Hitent of the ground w&tera are not so great 

Lake water may be r^arded as a mixture of water which is derived 
from two sources, viz., ground water and surface drainage water, to- 
gether with the rain or snow which falls directly into the lake. The 
former is derived from springs and seepage and reaches the lak\i 
either directly from springs on its shores or through affluents when a 
lake possesses them. The Burface drainage water is that which falls 
upon the earth and drains into the lake or its affluents quickly with- 
out percolating through much or any of the ground. This water pos- 
sesses only a small amount of fixed carbon dioxid, if any, because It 
comes into contact with the soil only, or at most with a »naU portt<Hi 
of the sub-soil, both of which contain but small amounts of the alka- 
line earths. As a result this surface water contributes but a compara- 
tively email quantity of biearbonatee at most, while rain and enow 
ocmtribute none. The ground water, therefore, is practically the sole 
source of bicarhonatee. The other water, however, plays an impor- 
tant r61e in determining the amount of biearbonatee in lake water 
because it dilutes the solution furnished by the ground water. The 
quantity of bioarbonates dissolved in a unit volume of water in any 
lake ie the result of the mixture of the ground water entering the 
lake from various sources, and its dilution with surface water and 
rain. In general the greater the proportion of ground water, the 
greater is the relative amount of biearbonatee. 

The difference in the proportion of the water derived frtan theae 
two sources doubtless accounts for the annual variations in the quan- 
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tily of fixed carboo dioxid in la^e watera. Daring Beaaoas and yeais 
in which snow and rainfall are more abundant, the proportion of water 
coming from these sources is greater tJian at times of smaller precipi- 
tation and the ground water is oorreepondingly diluted. This general 
statement applies more particularly to the hard-wftter lakes of south- 
eastern Wisconsin where the ground water seems always to carry as 
large an amount of bicarbonates as the adjacent lake water or more. 
In northern Wisconsin the irregularily of the distribution of calcium 
and magnesium is such that the ground water often contains a smaller 
amount of these substances than the water of the adjacent lake. ^ 
such iostancee, this part of the ground water would serra to dilute the 
solution of bicarbonates furnished to the lake by ground water eater- 
ing from other directions. 

Large flowing springs are not frequent in the vicinity of the lakes 
owing to the depth of the covering of glacial drift, and, in most in- 
stanoee, the Tolmne of water derived from the ground is small in com- 
parison with the volume of the lake. Exceptione must be made for 
certain small, spring-fed lakes, such as Enights and Otter lakee, which 
receive a large supply of water from springs. In thefle lakes, howOTer, 
as in all others, no springs have been found in deep water, so that prac- 
tieally all of the ground water is contribnted to the upper water of 
tie lake where the demand for carbon dioxid by chlorophyl-bearing 
organisms is greatest. 

Eblation Between Carbon Dioxid and Oxygen. 

In the process of photosynthesis, chlorophyl-bearing organisms con- 
sume a volume of carbon dioxid equal to the volume of oxygen pro- 
duced but in no case has this direct relatiim been observed in the lake 
waters, as a result of the activities of such aquatic oi^anisms. Other 
processes which aSect the quantity of both gases are taking place 
simultaneously and these tend to modify and obscure the results of 
the photosynthesis. When this action takes place in the upper stra- 
tum which is kept in circulation by the wind, this water will be ex- 
posed to the air from time to time and will part with some of its ex- 
cess oxygen, if the amount rises above the saturation point. Also 
when exposed to the air, this water will have an opportunity to obtain 
carbon dioxid. 

In the tbermocline region and below, however, the water is not sub- 
ject to such disturbances by the wind, and if o^^n is liberated in 
this water, practically none of it will be lost in this mannCT. But 
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th9 quantity o£ theaa.two gtuee disBolved in tiie. Ifnnr. as wdl' as im 
th^ u|^r wAter, will be-affectod by the reapiratuxi of living organ- 
isma and the decaj of organic matter. Tliua, the7 will add to ths 
oomplexitj.^ wfaich make it difficult to trace tlie relationship between 
oarboo diozid consumption and o^gen pToduoti(Hi, £ot both ^ooesBw 
take place in Uie BtratiuQ in which photoa;^theftia ia in progresa. 

The Iai^;eat amounts of eraiesa oxygea have been found in small 
^ring lakes, that is, lakes which receive a very large portion of their 
water eupply fn«ii apringa. This spring water (see p, 88) oontaina 
an abundance of available carbon dioxid which could be utilized by 
the ohlOTophyl-bearing organisms, bat just how this inflowing water 
oould fumieh the required amount of oarbon dioxid without the oxy- 
gen ctmtent of the supersaturated stratum being affected thereby, is 
not evident, for this spring water is very graierally deficient in o^- 
geo. So far as these results go, this must be left as one of the un- 
solved problems at present It has not yet been posuble to follow 
closely an excess oxygen phenomenon through all stages of its de- 
velopment and disappearance and such a study would doubtlees throw 
some light on this relation between carbon dioxid and oxygen. 

In observations made on lake Mendota in September, 1908, it was 
found l^at ihere was a general tendency for the alkalinity to increase 
as the quantity of oxygen increased but there were appreciable varia- 
tions. Sometimes the loss of half-bound carbon dioxid was greater 
than the gain in oxygen and sometimes it was less. In the other 
lakes in which excess o^gen has been found, it may be said in gen- 
eral that die carbon diozid deorease (both free and half-bound) by 
no means accounted for the quantity of oxygen produced. 

Neither is it possible to trace any direct relation between the ozy- 
gHi consumption in the lower water, due chiefly to the decay of or- 
ganic matter, and the increase of free oarbon dioxid there. Some of 
the oxygen is used up in the formation of water during the procew 
of decay and carbon dioxid is formed in exoees of the amoimt of die- 
solved oxygen consumed, for this gas is freely formed even when de- 
cay takes place under anaerobic conditions. 
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CHAPTER IV. 



IN INDIANA. 



The four lakes in Indiana (Maxinkuckee, Cook, Holem, and Tippe- 
canoe) which have been Tiaited, are situated in the northwestern part 
of that state. They are located in a glaciated region and their phyai- 
cal features do not differ eesentially from those of lakes in southeast- 
ern Wisconsin. These Indiana lakes are some distance sonth of the 
southemmoet lakes in Wisconsin that have heeia. studied, where the 
climate is milder bat the difference in climate is not sufBcient to make 
any apparent differences in the general thermal and chemical condi- 
tions. 

Lake MasLnkuckee has an area of about 750 ha. and a maximuin 
depth of 26.8 m. It was visited on September 20, 1907, and the 
temperature and oxygen oonditaons were found to be eesentaally the 
samo as have been observed in lake Mraidota at about this season of 
the year. The region above the thermooline contained an abundance 
of dissolved oxygen; most of this water being completely saturated or 
slightly supersaturated with this gas. There was a marked decrease 
in the amount of oxygen in the thermocline and the water from 13 m. 
to the bottom, about half the maximum depth, contained no free oxy- 
gen. (See fig. 113, p. 221, and table, p. 169.) 

An upper stratum of water about 8 m. in thickness was alkaline 
showing a maximum alkalinity of 3.8 cc at the surface. The water 
was neutral at 9 m. and a<»d below this depth, with a maximum of 
6.3 cc. of free carbon dioxid at the bottom. 

The water of the main part of lake Maxinkuckee ooutained from 
15 to 80 per cent, less fixed carbon dioxid than the other three In- 
diana lakes and about this much lees than has been found in similar 
lakes in southeastem Wisconsin. The amount varied from 24.5 cc 
per liter of water at the surface to 31.6 cc at the bottom, hut in l 
portion which is known as the Kettle Hole, it varied from 26.8 cc 
at the surface to 40 oc. at the bottom (11.6 m). 
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Cook and Holem lakes are situated only a few kilomeKrs aottii 
of lake Maxinkuckee and they were visited on September 23, X907. 
Both of these lakes are rather small and have shallow margins, for 
the most part, which support an abundant growth of aquatic vegeta- 
tion. For this roason they possees some characteristics in common 
witii bog lakes and the results for oxygen and free carbon dioxid give 
abnndant proof of the effect of these physico-biological conditions on 
the chemical status of the water. The former has a maximum 
depth of 14.5 m. and the latter 8.25 m. 

Both had a well marked thermocline at the time of these observa- 
tions. The quantity of oxygen found in the upper water of both 
lakes was considerably below the saturation point, the percentage 
of saturation in the surface water of Holem lake being a little less 
than 72 and of Cook lake 81.2. This was practically the average 
amdunt for this »itire stratum and such a condition seems to indi- 
cate that mncb decomposition of organic matter was taking place 
along the margins of these lakes as well as in the limnetic region, al- 
though a comparatively small amount of plankton was foimd. The 
quantity of dissolved oxygen decreased rapidly in the thermodiue 
and the lower water in both lakes contained no free oxygen. (See 
figs. 112 and 114, p. 220, and table, p. 16fl.) 

The water in both lakes was acid from surface to bottom, H<^em 
lake being more strongly so than Cook. In the former the free car- 
bon dioxid varied from 1.2 cc. per liter of water at the surface to 18.7 
cc. at the bottom, and in the latter from 0.5 co. to 7.6 oc. While there 
was a distinct increase in the amount of fixed carbon dioxid with in- 
creasing depth in Cook lake, yet the increase was much more pro- 
nounced in Holmn lake. In the latter it rose from 36.5 cc. at the 
surface to 58.8 cc at the bottom, 

Tippecanoe lake has an area of about 365 ha. and a maximum 
depth of 35 m. It is a long, narrow lake and the deepest part com- 
prises only a small portion of the entire area, as shown by the hydro- 
graphic map of Large.' Fairly high, wooded shores along a great 
portioQ of the deepest water, protect this part from winds so that the 
upper stratum which is kept in circulation by the wind in summer is 
comparatively thin, the thermocline extending from 6 m. to 10 m. 
on September 17, 1909. (See fig. 115.) On this date the water 
contained more or less dissolved oxygen at all depths but l^ere were 

1 Proc. Ind. Acad. Set. 1S»«, p. »S. (1897.) 
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four fairly well marked strata. The oxygen curve shows an upper 
stratum which contained 3.1 cc to 6.0 ea of diBSolTed oxygen; 
the stratum between 8 m. and 10 m. contained only a small amount 
of free o:^gra», there being only a trace at 9 m. ; the stratum from 
11 to 27.5 m. contained varying amoimte, the maximum bmng about 
40 per cent, of the amount at the surface; at the bottom l^ere was a 
stratum with only traces of free oxygen. Attention has already been 
called to similar conditicHis in Wisconsin lakes but in none of them 
has so large an amount of free oxygen been found in the region below 
the thennocline, that is, between the two strata which were very poor 
in oxygen. (See p. SO.) 

The 0-5 m. stratum was alkaline, the maximum alkalinity being 
at the surface 2.3 cc. ; the water was neutral at 6 m. and acid below 
this de^th, the maximmn amdi^ being 7.5 oc of free carbon diozid 
at the bottom. The fixed 'carbon dioxid varied from 34.4 cc. per 
liter of water at the surface to 36.9 oc at the bottom. (See tabl^ |k 
169.) 
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NITROOBN, UBTHANS:, CARBON HONOKID, AND OTHBBI CUSBB. 

Nitrogen. The determinations of diaaolved nitrc^en were disoou- 
tinued after the summer of 1906 when the boiling method was givea 
np entirely. In fact, only about 60 determinations were made dur- 
ing tiie season of ld06, so the following dieouBsion is baaed cbiell,v 
on the resulta obtained in 350 analyses made in 1905. Nitrogen >s 
Baoh an inert gas that the quantity dissolved in lake waters is not 
affected by the variouH ehemiofd and biolc^oal proceeses which take 
place in a lake. For this reason there was no hesitation in discon- 
tinuing its determination for the purpose of making a more thorough 
study of the osygen. The dissolved nitrogen varies somewhat in 
amount because it is more soluble in cold than in warm water ; hence 
the maximum amount is found in winter. As the wat«r becomes 
wanner in spring and summer, the quantity decreases so that, by the 
last of June, the upper stratum usually does not contain more than 
65 to 67 per cent, as much as in winter. During the vernal period 
of circulation, in lakes where this tnrculation is oomplete, the wat^ 
at all depths remains substantially saturated with nitrogen as long as 
this complete circulation lasts. During the summer, the upper water 
which is kept in einiulation by the wind and freely exposed to the 
air, will also be found nearly or quite saturated with this ga& In 
the thermocline region, however, and below, the water may contain 
an excess of nitrc^;en. 

The residual gas, that is, that which remained after the rfflnoval of 
oxygen and carbon diozid from the gas obtained by boiling, has been 
regarded as nitrogen in most cases. In some instances, however, all 
of this residue can not be so regarded for more or lees methane was 
found in the lower waters of some lakes; but in the great majority 
of cases, there was either no methane in this residue or tlie quantity 
was not large enough to affect the results appreciably. Besiduea 
from 8 lakes were further analyzed for other gasee, such ae hydrog^ 
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carbtm monoxid, and methane and tixej showed substantially the same 
nitrogen conditdona as were found in other lakes. In all of thffln, 
the upper water was found to be 8ubBtantia!ly saturated with nitrogra; 
in 7, the amount was 12 to 16 per cent, above saturation in the re- 
gioa of the thermocline and below; while in Otter lake, it was 18 to 
37 per cent, alxtve the saturation point. 

This excess may have been produced in either or both of two way). 
The lower water will be substantially saturated with nitrogen at the 
end of the vernal period of circulation. As the seascm advanoee, the 
temperature of this water rises more or less, hence its capacity for 
this ga« decreases. This would tend to liberate some of the nitrogen ; 
but the hydroetatic pressure at this depth and the lack of circulation 
tend to prevent its escape. Likewise, the rate of diffuuon is so low 
that very little will be lost in this manner. As a result, the nitrogen 
remains in the lower water and produces supersaturation. G-round 
water frequently contains an exoees of nitrogen and some of the ex- 
ceas in lake water may come from this soorce. It seems probable that 
aome a[ the exoras nitrc^en found in the lower water of Otter lake 
is due to ground water. This lake is fed very largely by springs, 
but no nitrogen determinationB have beeoi made for any of them. 
The water of a spring about half ai kilometer away' oa Hicks lake 
showed an excess of about 18 per cent, of nitrog^i and tJie spring 
water entering Otter lake doubtless contained a siniilar esoees of ni- 



It will be noted that a typical summer curve shows a smaller 
amount of dissolved nitrogen and a fairly uniform distribution of 
it, above the thermocline; and a lai^;er amount in the lower, cooler 
strata. There is a marked rise in the amount in the thermocline re- 
gion of some lakee and a more gradual rise in others; below this r^ 
poOf the amount gradually grows larger toward the bottom. (See 
£gB. 9, 10, 11, 13, 16, 51, 85, 88, and 96.) 

During the autumnal circulatioa, the nibt^en will be found quite 
uniformly distributed from surface U> bottom and as the water cools, 
more and more of this gas will be absorbed from the air. As a re- 
sult the lake goes into winter conditions with its water substantially 
saturated with nitn^ien at all depths and containing practically the 
maximum amount for the year. 

Methane. Methane is one of the products resulting from the slow 
decay of organic matter. It is frequently formed in the decomposi- 
tion which takes place at the bottom of ponds and marshes and for 
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this reason it is often called marali gas. Generally a great deal of 
organic material decays in the lower water and at the bottom of lakes 
and frequently the conditions are favorable for the formation of 
methane. In sotbhiI lakes the residue wiiich remained after the 
removal of the carbon dioxid and oxygen was large enough to make 
it evident that this residue was composed of something besides nitro- 
gen. Accordingly tests were made for the purpose of determining 
whether any hydrocarbon gases were present and, when evidence of 
their presence was found, analyses were made to determine the kind 
and quantity present 

Samples were collected from 11 lakes in all, but the hermetically 
sealed giaas tubes containing those from three lakes all met with m'lt- 
haps except one from each lake. As these three samples were not 
frcHn bottom water and contained no methane, they need not be con- 
sidered further. The samples of gas for the determination of tlie 
methane were obtained hy the usual boiling method ; the carbon dioxid 
and the oxygen, if any were present, were removed and a portion 
or all of the residue was then trHnaferrcd to glass tubes of 50 to 60 
oc capacity and these glass tubes were hermetically sealed at both 
etids. The process was carried thus far in the field and the samples 
were then taken to the laboratory for further analysis. Some of the 
analyses were made by Dr. Victor Lraiher, but most of diem were 
made by Mr. H. £. Biemer under the direction of Dr. Lenher and 
the results were embodied in a thesis submitted for the d^ree of 
bachelor of arts in 1908. 

Some preliminary experiments were made for the purpose of com- 
pering the explosion and the slow combustion methods. Besutts 
obtained by these two methods checked pretty closely in most cases, 
the maximum difference not exceeding 0.2 cc. which was well within 
the limit of experimental errors. By using known dilutions it was 
found that the slow combustion method gave much more satisfactory 
results with extremely dilute methane mixturee than the explosion 
method and equally as good results with more concentrated mixtur* 
even up to nearly or quite pure methane. So, the determinations 
were made by the former, or alow combustion method. 

Mr. Diemer found it necessary to modify the burner part of the 
combustion apparatus described by Hempel.' Two glass supporting 
tubes were passed through the rubber stopper of the pipette. Plati- 

I Oas Anilyala. Hempel, Translatton by Dennla, p. 138. 19DZ. 
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man ■wires -BOTnewhat'ICttiger than the tdbes passed tlrongh them. 
Theoirter ends of these tiibes were fused so as to form a perfect 
■ftil arotmd tiie " platintnn wirw. As a further precaution against 
leakage -Bie tubes were filled with mercury. The platinum terminals 
inside the burette were connected l^ a coil of small platinum wire 
which was welded to the two terminals. The external terminals of 
the platinum wires were comuected with a storage battery and rheo- 
stat, BO that the electric cnrrent could be readily and quickly con- 
trolled. Mercury was used in the combustion pipette and in the 
burette in which the gas was measured. 

The gas was transferred to the eonibustion pipette and the current 
adjusted so that the coil was raised to a temperaure sufficient to give 
it a bright red ccdor. Th^i a small amount of o^gen was introduced 
from another burette and the temperature of the spiral closely 
watched. Should the mixture be rich in methane or other hydro- 
carbon gasee, the spiral b^ins to glow immediately and if too much 
oxygen be introduced (more than 10 oc.) the temperature of the 
spiral may rise to the fusing point if the current is not properly de- 
creased by means of the rheostat. In order to prevent an explosion it 
is sometimes necessary to discontinue the current entirely. As soon 
as the methane is all burned, the glowing ceases and, if no glow is 
noted after the introduction of a fresh supply of oxygen, it may be 
assumed that alt of the hydrocarbon gas has been burned. When thb 
combustible gas is present in very small amounts no glowing takes 
place and, in such cases, the gas mixture was exposed to the heated 
spiral for about 10 minutes. 

After combustion the gas was returned to the burette and the vol- 
lune noted. The total volume (that is, the volume of the original 
sample plus the volume of oxygen added) minus the volume of gas 
after combustion, represents the contraction resulting from the forma- 
tion of water. The gas in the burette is next passed into a pipette 
containing caustic potash, which removes the carbon dioxid, and the 
volume of this gas formed in the process of combustion is determined. 
The volume of oxygen consumed is next determined by passing the 
residual gas into a pipette containing a solution of alkaline pyrogallol. 
The amonnt of the contraction subtracted from the total amount of 
oxygen added, gives the amount of oxygen consumed. 

Thus three quantitative determinations are made, viz. : The con- 
traction resulting frcmi the oxidation of the hydrogen in the gas to 
form water, the quantity of carbon dioxid formed in the oxidation of 
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the carbon of the gas, and lastlj the amount of o:^ge& omiBiimed. 
The latter serves aa a check on the resnlta of the other two detenoi- 
natioiiB. If methane alone is present, the contraction reeulting from 
the formation of Water ahould be twice the volume of carbon diozid 
fonned, and the volume of oxygen consumed in tike formation of botli 
wat«r and carbon dio»d should equal the otmtraction resulting from 
the formation of water. AH of the results fulfilled these oonditi<Hifl, 
so it was concluded that methane was the only hydrocarbon gas pres' 
ent in the samplee. 

Most of the gas samples were collected in 1906. Some were ob- 
tained from Mendota on seven different dates between March and 
September, 1'906. The residual gas obtained from a sample of bot- 
tom water on March 29, 1906, a few days before the ice disappeared, 
was analyzed, but no methane was found. This result was unex- 
pected as the water contained no dissolved oxygen at that time and 
such a ccoidition is favorable for tbe production of metliane. 
Hit Jtnw mr Ads. Sept. 
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Figure 6 shovre the oxygen and methane conditions in the bottom 
water of lake Mendota during the summer of 1906. Samples taken 
on May 4 and 25 showed a fairly large amount of osygen in the bot- 
tom water but no methane had yet appeared there. By June 11, the 
oxygen had decreased to 1.8 cc. per liter of water and a small amount 
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of methane was found, 0.26 cc. per liter. Since methane ia formed 
when vegetable matter decays in the absence of o^^g^i, this small 
amount most probably came from ite muddy ooze at the bottom where 
the diBBolved oxygen had been exhausted. By July 9, fr^e oxygen 
had entirely disappeared at the bottom and did not reappear here 
until the autumnal overturn. On July 17, it was found that the meth- 
ane had increased to 1.2 oc. and the amount continued to increase as 
summer advanced until it reached a maximum of 6.1 cc per liter of 
water on September 27. 

On June 27, 1906, the water of Garvin lake half a meter above the 
bottom contained no methane but it was found in the bottom ooze (7.8 
c& per liter). Just a month later, however, the water half a meter 
above the bottom contained an abundance of it (10. 4 cc) and 50.8 
per cent of the residual gas obtained from the bottom ooze was meth- 
ane. By September 24, this percentage had increased to 65. 

The maximum amounts of methane have been found in the bottom 
waters of Beasley and Garvin lakes. These lakes are small and well 
protected from winds so that the vernal overturn may be more or lees 
ineompleta As a result the bottom water does not receive a very large 
supply of dissolved oxyg^i in the spring and this small stock is soon 
exhausted by the decay of the large amount of organic matter that ie 
found on the bottom of these lakes. Decomposition then proceeds un- 
der anaerobic conditions, which are most favorable for the produc- 
tion of methane. These favorable conditions continue for a period 
of about 5 months and in Garvin lake so much methane and free 
carbon dioxid are generated during this time that, in late August 
and in September, many bubbles of these gases may be seen rising 
to the surface. On September 13, 1905, a sample of gas from the 
bottom water of Garvin lake contained 38.5 cc of methane per 
liter and one obtained from Beasley lake on August 21, 1906, con- 
tained 28.9 cc In its vertical distribution, the quantity of methane 
increases with increasing depth, the largest amount being found at the 
bottom where the greatest amount of decomposition takes place, 

Oarbon Monoxtd. While gasometric analyses were being made 
during the summers of 1905 and 1906, some tepsts were made to de- 
termine whether any carbon monoxid was held in solution in the 
Water, especially in the bottom water of lakes where anaerobic decom- 
position was taking place. After the removal of the oxygen and car- 
bon dioxid, the residue was transferred to a pipette containing cup- 
rous chlorid for the removal of any carbcm monoxid that might be 
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present. The contractions in volume obtained by this m£itliod. were 
rather irregular and some of them seemed uutisiuUj large- Tliifl led 
to the conclusion that the results obtained by this method were not 
very reliable. 

Teste were made later by another method, that is, the iodometrie 
method as described by Kinniout and Sanborn'. For these analyses, 
some water from Mendota at depths of ,1'5 m., 18 m., and 32.5 m., the 
bottom, was obtained on September 14, 1908. For ea<^ analysia abont 
• 12 liters of water were boiled and the gas given off was collected and 
tested for carbon monoxid. It was found at each of the depths 
from which samples were obtained, but it was present in very minute 
quantities, the amount being 0.002 cc. per liter of water in two de- 
terminationa and 0.004- cc. in the third. These results showed much 
smaller amounts than had been anticipated, as the cuprous chlorid 
method in some oases, gave results as high as 0.2 to 0.3 cc. per liter of 
water. Since the gaa is present in such small quantities, it has very 
little, if any significance from a biological standpoint 

Hydrogen. Many tests have been made for hydrogen but.it wag 
not found in any of the residual gases examined. The palladium 
method, however, was used, and this method is not delicate enough to 
detect very small amounts of this gas. It seems probable that some 
hydrogen may be liberated in the process of anaerobic decomposition, 
but if such is the case, it is in such minute quantities that it cannot 
be detected by the palladium method. With a method for hydrogen 
as delicate as the iodometrie one for carbon monoxid, its preeenee in 
the lower water could doubtless be demonstrated. 

Hydrogen Svlphid. "An odor like that of sulf^uretted hydrogen 
must not be taken as proof positive of the presence of that gas in a 
water, inasmuch as mixtures of sundry bydjocarboae will often greatly, 
mislead the sense of smelL"* Tests for hydrogen sul{»bid on several 
lakes where the water hod such an odor gave abundant confirmation of 
the truth of this statement. An odor resembling that of sulphuretted 
hydrc^en is very generally found in bottom water which possesses no 
dissolved oxygen, yet chemical tests did notr indicate the presence of 
this gas in many instances, especially if anaerobic de<5omposition had 
be^i going, on for only a comparatively short time. In late summer, 
however, in lakes where anaerobic decomposition, has been in progress 
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for some weeks in the lower water, more or leea hydrogen sulphid may 
be found in this region. During the summer of ]908, the lower 
water of a number of I^ea was tested for hydrogen sulphid by the 
iodometrio method.' While these tests indicated the presence of this 
gafi in the majority of the waters tested, yet it appeared only in very 
small amounts. 

The presence of so much deeompoeing organic matter in the lower 
water raised a query aa to the reliability of this method for such 
waters. In order to answer this question some determinations were 
made in duplicate, using both the iodranetric and a colorimetric method. 
While the latter indicated the presence of hydrf^en sulphid in all 
waters vh«i it was so indicated by the iodometric method, yet the col- 
orimetric gave results uniformly lower, showing only 14 to 33 per 
cent, as much as the iodometric. This led to the su^estion that some 
organic compounds of sulphur may be present which affect the iodo- 
metric determinations but not the colorimetric and thus give resnlts 
somewhat higher than they should be. A single set of observations 
will serve to illustrate the differences in results obtained by the two 
methods. The amount of hydrogen sulphid is indicated in cubie 
centimetfers per liter of water. 



Tabm X.— JfwMtete, Bvfttmkm- St, IMS. 




Depth. 


Iodometrio. 


Oolorimetrio. 


0, Id do. 
per liter. 




0.0 
0.0 
9.026 

o.asa 

0.463 
0.657 




0.8 










0.004 
0.093 
0.13 
0.16 


0.0 



















It may be said that these results furnish oonc^nsive evidence of the 
formation of hydrograi soli^id in the lower water under the condi- 
iicfOB indicated above, but th^ show that fflily very small amounts of 
it are formed. It was found only in water i^ch ccmtained very little 
or no dissolved oxygen. 

1 Volumetric AnalTels, Suttoo, p^ Kt, 1997. 
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CHAPTER VI. 



MINERAL AND SANITARY ANALYSES 

In addition to the determination of diasolved gases, some mineral 
and sanitary analysee were made for the purpose of ascerUinlng the 
kinds and the amounts of other substances dissolved in the lake waters. 
It waB not practicahle to carry on such complete analyses extaisively 
along with the dissolved gas detenninationg, so it was thought best 
.to select a few lakes representing the various types and confine such 
work to them. Thus, this phase of the investigation has been of an 
explorative nature, and the chief aim has been to determine, if pos- 
sible, whether it would be desirable to carry on such studies later on 
a larger scala It may be said in passing that such analyses may aid 
materially in explaining some of the biological phenomena that have 
been observed, such for instance as the characteristic diflferences be- 
tween the fauna and flora of different lakes as well as the dlff^^ices 
which are found in the same lakes at different seasons of the year^ 
or from year to year. 

The water used for the mineral analyses was not filtered, since for 
biological reasons it was desirable to know the total amounts of the var- 
ious substances, not only that which was dissolved in die water but also 
that contained in the micro-organisms ; with the exception of the silica, 
however, it has been found that it makes very little difference whether 
the water is filtered or not. An analysis was made for the purpose of 
detennining the effect of filtering the water and the results obtained 
are shown in an accompanying table. One liter was used in each case 
and both samples were taken from the same bottle after the water was 
thoroughly shaken. The difference in the silica was due to the pres- 
ence of a considerable number of diatoms, which were removed, of 
course, from the water which was filtered. It seems fairer, however, 
to use unfiltered water for the analyses, because this diatom silica rep- 
resents that which was previously dissolved in the water. 
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The results given in the following table are stated in parts per mil- 
lion. ' 





Tjuh,i XL 


-MmdoUi, April 


1910. 






BiO,. 


F«,0, * A1,0,. 


0». 


Mg 




2.25 

3.S 


1.6 
1.4 


28.8 
28.7 













In the hard water lakes, one liter of water was used for the detef- 
mination of the SiOi, Fe, Ca, and Mg, but in the aoit water lakes two 
liters or more were used for this purpose. The results of these anal- 
yees are given in a table in the appendix and the amounts are stated 
in parts per million. (See pi ]70.) 

Like the dissolved gases, these other substances which are in solu- 
tion in the lake waters become uniformly distributed from surface to 
bottom during the autumnal period of circulation and in spring also in 
lakes which have a complete vernal overturn and circulation. But 
these periods of uniform distribution are followed by more or less 
marked changes in the amount of some of these substances in the differ- 
ent strata of the lake. This is true Especially of the summer season. 
Chemical, physical, and biological factors are involved in the produc- 
tion of these changes and these will be considered in connection with 
the discussion of the various substances as presented below. 

Silica. There appears to be a slight decrease in the amount of 
eilica in the upper water during the summer, doubtless resulting 
chiefly from the activities of the diatoms. Diatoms are found most 
abundantly, of course, in the upper water and they remove some of 
the silica which is dissolved in this water in making their siliceous 
shells. When the diatoms die, these shells sink to the bottom, thus 
causing a net loss of silica in the upper water. There is a more or 
less marked increase in the lower water during the summer. Some 
of the organic compounds formed in the process of decay, have a 
solvent action on silica and it seems probable that the silica contained 
in sinking diatom shells and in those that are present in the -bottom 
ooze, will be attacked by such substances in the lower water where 
decay goes on more or less vigorously, and a certain amount will be 
dissolved. In this way the silica content of the lower water will be 
iiiigmented and as a result of the slight decrease in the upper water 
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and the more marked, inoreajie in. tba lower, water of, some lakes, ftmr 
to five times as much eilica may be found in the bottom stratum as: in 
the surface water just before the autumnal overturn. Baben' found 
a periodicity in the ailios omitent of the waters of the Baltic aea. It 
was high in November and February and low in Uay. He attributes 
the May minimum to a large growth of diatoms in March or April 
which removed much silica from the upper water. 

The curve representiug the silica in Beaaley lake on Au^at 
3, 1908, shows a pronounced notch correlated with high oxygen and 
low carbonates. (See fig. 7.1 'An examination of the plankton 
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diagram (fig. 138) for this date reveals the fact that the maximum 
number of diatoms is correlated in dopth with this notch in the silica 
curva The colonies of FragUaria and Asterianella, the predominant 
diatoms, number 17,500 per liter of water at 4 m. ; 28,000 at 5 m. ; 
3S;500 at 6 m. ; and 9,800 at 7 m. Multiplying the number of ool- 
Miies at 5 m., where the maximum number was found, by the average 
number in each colony of Froffilaria and Asterionella, gives a total 
of 2,168,000 individuals per liter of water. At first thought it might 
appear that the presence of this large number of diatoms in the sample 
c^' water which was analyzed, ought to show a larger amount of silica 
dian at other depths where these organisms were not nearly so abund- 
ant; But this oonl^vdiction is only apparent. The most probable 
explanation of the decrease is that this large growth of diatoms bad 



1 Int«n»t MeerMtOracb. ttl Jabreaber., p. 1S8. 190S. 
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been in progress in this 4-7 m. stratum for a conKiderable period of 
time and during tliis period large numbers of diatoms vtetB dying «»■ 
stantlj, and sinking, into the lower strata, thus carrying do'wn dtt 
silica ia their silioeouB-sliella. 8uch..a'proce8s would in time- cause an 
appreciate decrease of silica in. the -stratum which, was densely popu- 
lated with these organisms. 

Iron and Aluminck Fe,0» and AljOa- In the gravimetric analyses, 
no attempit was made to separate the iron and alumina and they bare 
been recorded together in the tables. These results- show that tiiere 
was a noticeable increase in the amount of these two substances with in- 
creasing depth in lakes whose bottom water contained no dissolved oxy- 
gen. Determinations by a colorimetric method show that this increase 
is due chiefly, if not wholly, to the increase of' the irtm. If any in- 
soluble oxide of iron be presait in, the bottom ooze, it may be re- 
duced to a lower soluble oxide in the absence of dissolved o^g^i and 
pass into solution, thus increasing the quantity of iron held in solution 
by the bottom water. Bottom waters which contain a considerable 
amount of iron soon become cloudy when exposed to the air, as Hie 
water absorbs oxygen and the iron is changed to a higher oxide which 
is precipitated. At the time of the vernal and autumnal overturns, 
the bottom water is aerated and the ferrous iron in solution is oxidized 
to ferric which forma a precipitate and sinks to the bottom, oaiy to 
be reduced again and pass into solution when the dissolved oxygen dia- 
appeals from the bottom water. In no instaaee, however, has a very 
large amomit of iron been found in-tha lower water as the maximum 
quantity of FeaQihas-not exceeded 12. parts. per million. 

Calcium- and Magnesium. It will be noted in the table that the 
diffeirent lakeft contain very, different amounts of oalcium and mag- 
nesium as has been indicated in. the discussion of the fixed- carbon 
dioxid. The. soft water-lakes contain only a small amount of these . 
substances insolutionv while the lakes of the second class contain a 
medium and those of the third a- relatively' large amount. The) 
amount of calcium varied from. a. minimum of 0.64 part per million 
in Bass lake at Minocqua to a maximum of 49.3 parts, in the bottom 
water of the west part of North lake, -with an average.of. 47 piarta.foi 
tbe entire^ depth of that lake- In the same lakes the quantity of. mag- 
nesium was 1.3 parts per million, in the former, azjd about 27. parts in. 
the latter. (See trf>l8 p. 170.) 

In .the. lakes containing. comparatively small amounts- of caloiuiQ. 
and magnesiumt.thes&snbstancea vrore, in genewl, prst^ uoifonnly 
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diatributed frcaa aarface to bottom. Wben a larger amount of cal- 
«ium vroB present, as in some of the lakes of tbe second class and all 
of the hsrdwater ones, there was an increase in the amount of calcium 
with increasing depth, except during the vernal and automnal periods 
of circulation. Tba amount of increaae varied greatly. The maxi- 
mum dififerMice between the calcium content of the surface and 
bottom waters was found in Eainbow lake on September 10, 1907. 
The former contained 15.6 parts per million and the latter 28.8 or 
about 85 per cfflit. more than the surface. Generally, however, the 
difference between surface and bottom did not exceed 20 to 25 per 
o«it. Magnesium showed considerable irregularity in its distribu- 
tion. In some lakes there was a more or less marked increase with 
increasing dq>th ; while in others a smaller amount of magnesium was 
found at the bottom than at the surface. 

These differences in calcium and magnesium between surface and 
bottom are produced chiefly in two, or perhaps three ways: — (1') 
Through the action of the carbonated lower water on the bottom mud ; 
(Z) by the removal of these substances from the upper water by 
plankton organisms and by the transfer of such amounts to the lower 
water when these organisms die and sink; and also (3) any calcium 
or magnesium which might be precipitated in the upper water would 
sink into the lower. With respect to the first factor, it may be said 
that an analysis of some mud from the bottom of lake Mendota gave 
the following results which are stated in percentagee of the wei^t 
of the dry sample: Calcium, 23,7 ; Magnesium, 1.3. The difference 
iu the solubility of the normal carbonates of calcium and magnesium 
is undoubtedly one of the important factors responsible for the marked 
difference in the proportion of these two substanoea in the bottmn 
mud. Magnesium is so much more soluble than calcium that it would 
not he deposited so readily. The pres^ioe of such a small proportion 
of magneeium in the bottom mud helps to explain why the carbonated 
bottom water contained comparatively little, if any, more magnesium 
than the surface water. In a few instances it actually contained lees. 
Sut marked increases of calcium were noted in the bottom water in 
several instances. 

Chemical analyses show that plankton contains appreciable quanti- 
ties of these two substances which would be carried into the lower 
water when these organisms die and sink bnt the amounts are so 
minute that the plankton can be regarded only as an unimportant fac- 
tor in the transfer of calcium and magnerium from the upper to the 



dbyGoogle 



MnfMBAL ASAJjYBEB. 109 

lower water. The lower water is charged with free oaibon diond in 
summer and any precipitate of calcium or magneeium which mig^t 
Bink into tbia water from above would be readily diaaolved. 

The prodaction of irre^ularitiee in the distribution of calcium and 
magnesium in Beasley, Knights and Otter lakes by chlorophyl-bearing 
organiBDUi, baa already been diecnsBed in connection with the fixed 
carbon dioxid of those lakes and needs no further oonaideration hero. 
Figure 7 shows the distribution of these substanoes in Beasley lake on 
August 3, 1908. (See p. 106.) 

The chemical analyses also show that the ratio oi oaloimn to 
magnesium varies very much in the different lakes. In some these 
two substances were found in almost equal amounts in the mirface 
waters, while in others there were two to three times as much calcinm 
Bs magnesium, and in still others, nearly twice as much magnesium 
as calcium. These differ^cee in relative proportions are doubtless 
dne to difFereooes in the proportions of these two substances in the 
drift and rock of the drainage basins of the different lakes. It is also 
interesting to note that the lakes whi<di have the smallest amount of 
calcium and magnesium and, therefore have the softest water, possess 
no inlets and with one exception (Bass lake> Minocqua) no outlets 
It would seem that the soaroity cA calcium and magnesiiun in the 
waters of such lakes depfflids chiefly upcm about three factors: (1) 
The scarcity of these subatanoes in the surrounding drift and rook ; 
(2) the small amount of gnnmd water entering the lake; (8) a small 
drainage basin so that the water reaches the lake quickly and there- 
fore has little opportunity to dissolve caloareoug materials on its way 
to the lake. 

Sodium. Sodium was found in small amounts. A maximum of 
4.6 parts per million was found in the bottom water of lake Mendota 
in one set of analyses. More than 4 parts per million were noted 
in <mly tiiree other instanoes. The general average was about 3 
parts. 

Potassium. The amount of potassium dissolved in these waters 
was still less than the sodium. It reached a maximum of 4.5 parte 
in one lake but this was the only instance whi(dL showed more than 4 
parts, the average being lees than 2 parts. 

Chlorin. Small quantities of dilorides are very general oonstita- 
ents of ordinary soils, hence they will be found in small amounts in 
the drainage waters which enter the lakes. The amount of ohlorin 
found in the waters of the various lakes that have been studied varies 
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eanaiAeutlAy, bdt -nmst that have been tested show leas thaa 5 pans 
per:milli«o. Aaiaxnuum of ID parts was "fotmd inthe east part of 
North lake on-8eptemfe€ir'4, lOO?. In general the chlorin was pretty 
enenly distribtited from Burfflce to bottom. In a few instances, how- 
ever, OTily About half as much chlorin was found at thebottom as at 
the lUTface. This ooodition may have been due to an increase in the 
dilorides in the upper water after the bottom water had ceased to take 
part in the-Temal dretilation. 

Sulphur. The various lakes, also, «how wide differences in the 
qoantitj' of SO,. The waters of two lakes contained no trace of sul- 
pfaatoe flo'that the BO, varied from none in' tiiese instances to a maxi- 
mum of 23.7 parte per mil]i(Hi in the west part of North lake. The 
sulphates were highest in the lakes which contained the largest amounts 
of eaJcium and magnesiim:!. 

Weitb' has asserted that the waters of the Swiss lakes have a con- 
stant compositim and Forel' has made a similar stat^nent for the 
water of lake Q^ieva. On the other hand, Delebecque* found that the 
composition of the waters of the French lakes varies not only with the 
season but also with the depUi. For instance he found a chemicdl 
stratification of the water whiefa was parallel with the thermal strati- 
fication during the summer, hnt diemieal conditions became uniform 
from aurfaoe to bottom in autumn. These variations are attributed 
to«fv*ral:faetors'by this. author, water brought in by affluents, as well 
as physical, chemical, and biological factors. Delebecque observed 
that, when the quantity ofCaCO, exceeds 0.05 -to 0.06 gr. per liter 
(20 to 24 parts of Ca per million) the surface water in summer 
contains less than the bottom. This fact he attributes to two factors, 
the rise in the temperature of the upper water, which would tend to 
precipitate the OaCOg, and the muoval of a portion of this substance 
by living oTganisma. He found aleo that silica was removed from the 
upper water during summer by the diatoms. The results obtained on 
Wisconsin lakes fully confirm Delebecque's observations and they show 
that the water of a lake may not only present- marked seasonal changes 
in composition but that there are also variations from year to year. 

1 latematlonale FiBcherel-AuMtellunK in Bertln, 1880, p. 96, et eeq. (See 
Deleberqne — Lea Lacs FrancaU, p- 211.) 
iLe Lteuui, T. n, p. GSS. 1893. 
B LeB Lacs Fr&ucals, p. 187-341. Ii98. 
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Qit'lute alrtadj been 'pointed out that more or leas deoompo«able or- 
ganic matto' is found in the water of the lakes and that such' material 
is derived irom the plankton, from the larger aquatic plant and ani- 
mal forms, and, also, to a certain extent from the shore forms. The 
effect of the decomposition of iJiis material on the ox^;en dissolved 
in the water has also been discussed. But this decomposing matter 
plays another very important role. When this organic material breaks 
down, the first step in the process is the oxidation of the cat1>on, hydro- 
gen, and nitrogen therein to carbon dioxid, water, and ammonia. If 
liberated in a region where {AotoejntheBis takes place, this oarbon 
diosid cointributes to the stock of this gas which may be drawn upon 
by cblorophyl-bearing organisms. The free ammonia may be used up 
■directly by the algae, or it may undergo further oxidation, being con- 
verted first into nitrous acid, forming nitrites and ultimately into 
nitric acid forming nitrates. Those nitrites and nitrates constitute a 
very important source of food for aquatic plants. This supply of 
nitrogen compounds is increased by that derived from Other sources. 
Rainwater, for example, obtains ammonia from the air and the water 
whieh -sinks into the soil comes 'into contact with and dissolves ac«ne 
-of die nitrogen salts, which are then carried along with it and eventu- 
ally reach the lake. 

Plants require nitrogen in an available form for their anabolic 
processes and the free floating aquatic forme must obtain their supply 
of this snbstasee from the nitrogen compounds dissolved in the water. 
Therefore, the acarcity or abundance of available nitrt^en in the 
Tvater of a lake is doubtless a very important factor in determining 
the scarcity or abundance of the phytoplankton in sudi lake, just as 
the available nitn^^ in a soil bears a very close relation to the size 
of the crop which will grow thereon. This then may be one of the 
very important factors which are responaiWe for the chanwteriflitic 
differences in the phytoplankton content of different lakes. As yet, 
however, no studies of this nature have been taken up on lakes which 
show striking differences in phytoplankton. 

Only a few analyses- of this character have yet been made and the 
results of them are shown in an appended table. The determinations 
for Garvin lake show a marked increase in the free and albuminoid 
ammonia and nitrates with increasing depth. The same was also true 
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of Mendota on September 25, 1905. In the latter lake, however, the 
albuminoid ammonia wa^ found to be greater at the surface and bot- 
tom than in the mid-rc^on. Four analyeee of Burface and bottom 
water were made for lake Mendota between Jtine 30 and July 8, 1906. 
The results indicate larger amounts of free ammonia, nitrites, ancl 
nitrates at the bottom Uian at the surface. This might naturally be 
expected, perhaps, because most of the decomposition took place in 
the lower water. Kitritee were found only in the deeper water and 
then only in very small amounts. In three of the four analyses there 
was more albuminoid ammonia at the surface than at the bottom. 
This may be aooounted for by the large amount of plantton found in 
the upper water at this time, because a lai^;er amount of plankton 
would yield a larger amount of albuminoid ammonia. 

The results given in the following tables are stated in parts per 
miUioD. 

Tabli 'Sll—Lake Oanm, Oetobtr 10, 1906. 



Depth. 


Ffm 
amiQODik. 


Albuminoid 
ammoaia. 


Nitrltos. 


Nitratei. 




0.14 
0.S4 
0.27 
1.08 
1.78 
S.04 
0.11 


0.25 
O.S« 
0.50 
0.84 
0.8S 
0.81 
. l.SO 




O.SS 











































Taslb Xai Lake Mmdota. 



Date. 


Depth. 


Free 
ammania. 


Albuminoid 
ammonia. 


Nitrites. 


Nitratei. 




Om 
22 


82 


22 


» 


14 
16 
18 
22 
Ooze. 


0.12 
0.8 
O.lfi 
0.23 
0.11 
0.46 
0.10 
0.29 
0.176 
0.410 
0.830 
1.135 
1.855 
10.875 


0.87 

0.4 

0.41 

0.38 

0.44 

0.22 

0.44 

0.39 

0.365 

0.300 

0.276 

0.276 

0.447 

0.720 


0.0 
tt. 
0.0 
tr. 
0.0 
O.I 
0.0 
0.06 






0.5 




0.8 




0.7 


S«ptembei26, lOOS.... 
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DISTRIBUTION OP THE PLANKTON AND ITS RELATION TO CHBHICAL 
CONDITIONS. 

One nuL7 eafely aaj that the meet important element in tbe eaviron- 
ment of atriotly aquatic, free floating or free Bwimmin^ organiemB, ia 
the water which th^ inhabit. This factor of their environment is 
not the same for all bodies of water, since the Tarious waters poeseaa 
Ytsrj different chemical oharacteriBtics, as has already been indicated. 
In fact, this ia quite true of the same bodjr of water at different 
periods, for each passes throogh a series of chemical changes during 
the different seasons of the year. Given then, such variations in this 
important elam^it of the enviroiunent, it may be well to consider 
s(Hne of the causes and results of these variations from a biological 
standpoint. It may be well to state here that the following diBoiiaei<ai 
of this question is only a partial one> aa it is confined almo^ eatirdy 
to the dissolved gases. Other factors are involved also, }ya.Xy up to 
the present time, it has not been possible to collect enough data to per- 
mit & more extended consideration of them. 

The relations between chemical and biological conditions in lakes 
present two chief phases which are closely allied and interwoven, but 
which it may be well to separate for purposes of discussion. The first 
of these phases is the effect of living organisms on the chemical condi- 
titm of the water and ihe seotmd is the oonseqaent effect of the chemi- 
cal status of the water on the living oTganisms inhabiting it. Since 
the first phase has been more or less fully presented in previous chap- 
ters, it is not necessary here to give any extended discussion of this 
question. Attention has been called to the fact that the living OTgan- 
isms of a lake as well as of the immediate environs, contribute decom- 
posable matter to the water and that the decomposition of these or- 
ganic substances affects the chemical oonditions in a marked degree, es- 
pedally with respect to some of the dissolved gasee in the loiwer water 
of lakes that are thermally stratified. Some or all of the dissolved 
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oxygen in the lower atratum is used up in the process of decay and 
carbon dioxid and ammonia are formed. The latter ie then oxidized 
to nitrous and nitric acids in the presence of free oxygrai, which com- 
bines with other Bubstances to form nitrites and nitrates. Frequently, 
also, methane is formed and in some instancee hydrogen sulphid and 
carbon monozid. In the process of respiration of both animal and 
plant forma, diBsolved oxygen is removed from the water and carbon 
dioxid is contributed to it. The various excretions of living organ- 
isms, also, tend to altCT chemical conditions. 

On the other hand, chlorophyl-bearing organisms remove free or 
half-bound carbon dioxid from the wat«r in their photosynthetic activi- 
ties and liberate oxygen. The atmospheric tension of the former gas 
is BO slight and its rate of diffusion is so low that it does not pass 
into the water readily from the air and it diffuses upward very slowly 
from the lower water which may contain an abundant supply of this 
gas in a free state. Consequently, it frequently happens that iu>t 
enough free carbon dioxid passes into the stratum in which the chloro- 
phyl-bearing oT^nisms are most active, to supply the needs of any con- 
siderable number o£ them and as a result the free carbon dioxid may 
be largely or entirely exhausted from a stratum of water which varies 
in thickness in different lakes. The consumption of carbon dioxid 
may proceed beyond the point of neutraiity or complete exhaustion of 
the free gas and some of the half-bound is often removed, thus making 
the water more or less strongly alkaline. It has been found that in 
lakes which have either a hard or a moderately hard water, the upper 
stratum very generally becomes alkaline in early spring and continues 
so until the autumnal overturn. Indeed, it has been noted that more 
or leas of the upper water in lake Mendota may remain either neutral 
or alkaline throughout practically the entire year. In the hard-water 
lakes the alkalinity may reach a point where some of the normal cal- 
cium carbonate will be precipitated, thus forming a layer in which the 
combined carbon dioxid will ahow a pronounced decrease. (See figs. 
46, 55, 66, 68, 61.) Alkaline strata have also been found in lakes 
which have very soft water. (See figs. 66 to 67.) 

At the same time tbat carbon dioxid is being used up, an equal 
volume of oxygen ia being liberated. Where conditions are favorable 
for the accumulati<m of this oxygen, the water will be found super- 
saturated with it, the amount of auperaaturation reaching 364.5 per 
cent, in Xnigbts lake. As yet, however, it has not been poaaible to 
trace any direct correlations between the amount of carbon dioxid oon- 
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fiumed and the quantity of oxygen liberated. And it may be said fur- 
ther, that only in a very general way baa it been possible to trace any 
quantitative relation between chloR^hyl-bearing organisuiB and either 
alkalinity or high oxygen. 

Turning now to the seoond phase of the subject, which is the re- 
lation of chemical to biolt^oal oonditiona, the effect of the former on 
the animal forms will be considered first and on the plant forms 
later. Those lakes which are so shallow that the entire body of water 
is kept in oircnlatiou by the wind during the summer, may be disre- 
garded. The deeper lakes, those which show a thermal stratification 
in summer, may be divided into three classes. To the first class be- 
long those lakes which have an abundance of free oxygen in all of tlie 
water below the thermocline during the aumraer, such for example ^s 
Green lake. The second class includes those lakea in which the free 
oxygen entirely disappears from a portion of the cool water below the 
thermocline during the summer; and the third class includes those 
lakes in which practically all of the water below the thermocline is de- 
void of free oxygen in late summer. 

During the vernal overturn and circulation the plankton organisms 
are distributed almost or quite uniformly from surface to bottom in 
all three classes of lakes, with the exception of those in which theee 
processes are not complete. As soon, however, as the bottom water be- 
gins to lag behind in the process of circulation, a differentiation in the 
vertical distribution of theee organisms sets in. The phytoplankton 
forms are the first to show a marked change. In the deeper lakes, of 
course the li^t conditions in the bottom water are not favorable and 
soon after this water ceases to take part in the general circulation, its 
phytoplankton population begins to decrease. At the same time the 
conditions in the upper stratum are becoming more favorable as a re- 
sult of the increase in the temperature of the water and the phytoplank- 
ton population of this r^on increases. The net result of theee condi- 
tions, then, is a marked change in the distribution of these organism«, 
the lower stratum being scantily populated by them while the great 
majority occupy the upper strata. The animal forms however, which 
are not influenced so markedly by light conditions may still continue 
to be fairly uniformly distributed from surface to bottom. But as 
summer advances the vertical distribution of the animal forms (that 
is, those which do not bear chlorophyl and are not therefore, dependent 
in any way on light) becomes different in the three classes of lakes 
mentioned above. 
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Concerning the diagrams discuflaed below, it may be aifid that tlw 
catches were made by' the pump method as already jiidioated and that 
the number of individuals was determined by thp regular ooijntjng 
method. The circles indicate the depths at ^hich catches were made 
as well as the number of organisms per liter at tb^ d^ths and tho 
curves have been made by simply ctHmectiDg t^ese points. The phyto- 
planktontB far outnumber the zooplanktonte, so it is not poBsible to 
plot curves for both groups of organisms on the same scale. In ordw 
to obviate this difficulty, the curves for the l^tte^ have been platted on 
a separate scale to the left of a zero line and the diatome and other 
algae to the right. This enables one to readily make direct compari- 
sons between the two groups of oi^nisms at the various depths. It 
will be noted also that the scale for the zooplanktonts sb well as th^t 
for the phytoplanktonte varies in the different diagrams, owing to the 
fact that the numbers vary a great deal in the differeot lakes. 

Attention may be called to the fact that a few of the curves show 
that some of the organismB were rather irregularly distributed vertic- 
ally, such for instance sb the diatoms in figs. 137 and 141. Such re- 
sults, however, should be expected, for only during the vernal and 
autumnal periods of circulation would therp be any marked tendency 
toward a uniform distribution. During the summer period of thermal 
stratification and also during the winter when a lake is covered with 
ice, there seems to be ample evidence to show that the phytoplankt(Hits 
may collect in diffrarent strata as well as the zooplanktonts. At first 
glance, it might be supposed that some of the marked irregularities 
were due to errors in taking the samples or in counting the matoriaL 
But a comparison of such curves with those representing other or- 
ganisms in the same catch givee abundant testimony against such a 
supposition. If such variations had been due to faulty methods, 
similar variations ou^t to appear in all the curves, but such is not 
the case. On the other band, attention may be called to the remark- 
able regularity of most of the curves. 

Pine (New Auburn) and Trout lakes may be taken aa good ex- 
amples of lakes belonging to the first class. Figures 116 and 117* 
show that the plankton organisms in these two lakes were fairly uni- 
formly distributed throughout their entire depths. In Pine lake, 
Tahellaria was the chief diatom in the upper water but the marked 
increase below 16 m. was due to Asterionella which would seem to in- 

I See explanation of flguree, p. 223. 
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flicate thctt this form vtaa on the decline after a period of maximtttn 
development. The remaining phytoplankton consisted dhiefly of 
Btaurastrwn and Aphmocapsa. Tiown to a deptii of 26 m. Diaptotmts 
'tvas the predominant crnstaoean, but Daphne hyaUna was aloai re- 
sponsible for the marked increase below that depth. It will be noted 
also that the nanplii were more abundant in the lower water white 
JHaptomus and Cyclops were pracstically as abundant here as else- 
f^her^ Eio that on the whol^ the chemical condition of the bottom watCir 
may be regarded as very favorable for the crustaoea. 

In Trout lake the Crustacea were still more uniformly distributed 
but nauplii were not found below 18 m. and rotifers were not so 
sbuiidflnt in the lower water. On September 9, 1906 the bottom of 
ihis lake contained only about 0.9 cc of dissolved oxygen per liter and 
5.6 cc of free carbon dioxid. In addition to the considerable number 
of Crustacea found in the bottom water, several specimens of the Macki- 
iaw trout (Cristivomer namaycush) were obtained-from this stratum, 
thus showing that the chemical conditions which existed there not only 
did not affect the vertical distribution of the crustacea, but that they 
were such as to permit fish to occupy this region. Oreen lake also be- 
longs to this group but figures 118 and 119 show that the region above 
tiie thermocline was much more densely populated than the region be- 
low. It will be noted, however, that, while the microcrustacea ap- 
peared in only very small numbers below the thermocline, yet they 
Were found near the bottom in the deepest water. Likewise specimens 
■ of whitefish were obtained from the bottom water at a depth of 68 m. 
This would seem to indicate that the chemical condition of the bottom 
water can not be regarded as responsible for the paucity of the crusta- 
cean population in this region. As a further evidence of the favor- 
able conditions here for crustacea, it may be said that FotUoporeia 
hoyi is a r^ular inhabitant of the bottom water. 

Elkhart and Geneva lakes may be taken as examples of the second 
class, that is, lakes in which only a comparatively small portion of the 
lower water becomes devoid of free oxygen during the summer. As 
long as the bottom water in lakes belonging to this class, contains 0,2 
cc. of dissolved oxygen per liter or more, the vertical distribution oE 
the rotifers and microcrustacea does not differ essentially trom that 
found in lakes belonging to the first class. As soon, however, as the 
free oxygen in a bottom stratum falls below 0.1 cc. these planhtonts 
withdraw from the region having such a small amouui tA this gas. 
As tJiis stratum which is almost or quite devoid of free oxygen in- 
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creases in tJiickneae wiUi the advancdDg season, these o^fanisms gradu- 
ally move upward into water which possesses a sufBcient amount of 
dissloved oxygen to supply their needs or else die ofiE. 

Fig. 120 shows the vertical distribntitm of plankton orgamsms in 
Elkharf lake on July 3, 1906. With the exception of algae (abnost 
exclusively OscUlatoria), it will be noted that the organisms were 
fairly uniformly distributed from surface to bottom. The diatoms 
consistdd almost exclusively of Synedra and were most abundant in 
the upper water. Diapionms was die predominant crustacean in the 
upper 7 m. and Cyclops thence to the bottom. Bosmina has been 
omitted from the bottom observation because such a large number 
(828 per liter of water) was present that it could not be shown in the 
diagram. This is the only case where Boamina was found in great 
numbers. On the other hand, fig. 121 shows that the vast majorily 
of the oi^anisms were found in the 10-20 m. stratum on October 2. 
the total number in the upper 10 m. being small and almost none bedow 
30 m. Synedra waa still the chief diatom and OseiUatoria the chief 
alga. The marked inereaee in the number of rotifers in the 10-15 m. 
stratum was caused chiefly by an increase in Anuraea cochlearis. 
Cyclops was the predominant crustacean. 

Fig. 122 indicat«8 the vertical distribution in lake Geneva on Sep- 
tember 25, 1906. It will be noted that the upper 16 m. were popu- 
lated most densdy by algae, but there was also a relatively large num- 
ber below this depth. Only a few crustacea and rotifers were found 
below 35 m. and none at all in the bottom 2 m. in whidi only a trace 
of oxygen was found. Nauplii were absent below a depth of 32.5 m. 

The third class of lakes may be regarded as a more advanced stage 
of the second class. That is, in these lakes the conditions are such 
that practically all of the water below the thermocline loses its stock 
of dissolved o^gen during the summer. lE^gnree 123 to 137 show 
the results of a few series of plankton catohes on lake Mendota in 
jl'906 and 1907. It is the purpose of these few diagrams to give 
only a general idea of the vertical distribution of the plankton organ- 
isms and not any notion of their quantitative seasonal distribution. 
It is hoped that a special report on seasonal distribution may be made 
in the future which will include all of the material that has been col- 
lected during the progress of this woii. These diagrams show that 
die oreaniams wore fairly uniform in distribution from surface to 
bottom during the vernal circulation as shown in figures 123 and 132. 
As the season advances, the lower water ceases to take part in the cir- 
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cnlatiou and thermal stratification appears. Under saoh oonditions, the 
phytoplankton population becomes confined chiefly to the upper strata 
where light conditions are more favorable, only senile forms and those 
which habitually live saprophytically being found in the deeper water. 
The decrease of the phytoplanMon in the lower water is shown in fig- 
nrea 125 to 128. Attention may be called to the fact here, that theee 
diagrams show the seaaonol obangee in the relative proportions of the 
diatoms and all the other algae. That is, th^ show that the diatoms 
exceeded in number the green and blue-green algae oombined, up to 
early July and after early September in 1906, the latter predominatiiig 
during the latter half of July and during August. Conditiona were 
slightly different in the spring of 1907, for green and blue-green algae 
predominated for a short time in May ; otherwise the conditions were 
substantially the same as in 1906, 

The zooplanktonts are very evenly distributed from surface to bot- 
tom in spring. (Fig. 133.) In early summer, however, th^ may 
become more numerous in the upper water, yet they will continue to 
occupy the lower strata in considerable nimibers until the quantity 
of dissolved oxygen becomes too small for them, that is less than 0.2 
cc. per liter of water. When the dissolved oxygen falls below this 
amount in the bottom stratum, there is a marked decrease in the num- 
ber of rotifers and plankton Crustacea in that re^on. This decrease 
is due in part to the migration of the more active individuals to tJie 
water above which ccoitains more oxygen, and in part to the death 
of senile individuals that are no longer active enough to migrate to the 
water above and maintain themselves there. As more and more of 
the lower water becomes almost or quite devoid of free oa^gem, the 
stratum which is occupied by only a very few or none of these organ- 
isms increases in thickness. In lake Mendota, for example, the thick- 
ness of this zone increases until practically no cmstaoea or rotifers are 
found below 10 m. or 11 m. in late summer. (See figa. 127 and 138.) 
The disappearance from the lower water is shown in figures 13fi to 128 
and 134 to 137. It will be noted that the line of demarcation between 
the inhabited and the uninhabited strata is very sharp and distinct 
The water which is at the lower limit of habitability, that is, when it 
contains just enou^ dissolved oxygen for the rotifers and micro- 
crustaoea, may contain very large numbers of them, while they are 
nearly or quite absent fpwn the water half a meter below. Frequently 
a much larger number of these oiffanisms is found in the water just 
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above the uninhabited repMi than at any oHiot depth. (See ^ 127 
to 128.) 

In September and early October, owing to the oot^ing of tlie upper 
water and the more vigorous action of the winds, ijie thermodine 
moves downward, thus adding more and more of the lower wstw to 
the upper circulating straitum. Plankton organisms follow in the 
wake of this downward movement of the thenuocline so that they be- 
come fairly uniformly distributed to greater and greater d^ths until 
the completion of the autumnal ov^um, when they again occupy the 
entire depth of the lake. The distribution just before and jurt after 
tlie autumnal overturn ie wdl illustrated in the diagrams for October 
6 and 11, 1906. (Figs. 130-1.) 

It may be eaid at this point that scnne preliminary experiments 
have shown that the various gases which are found in the bottom 
waters of lakes, have no noticeable effects on the planktMi cnutooea 
even when present in larger amonnts than have yet been found in lake 
watera. So it seems evident that the disappearance of the microerusta- 
cea from the water whicdi poasesaes only a very smalt amount of dis- 
solved oxygen or none at all, is due to the lack of this gas rather 
than to the deleterious effects of other gasee that may he present. 

In Beasley it has beeo found that the vernal overturn may not be 
complete and ch^nical conditions much like those of late winter may 
continue in the bottom water into summer. During the vernal circu- 
lation in 1909, for instance, the dissolved oxygen did not rise above 
0.4 ce. per liter in the bottom water and this amount had been reduced 
to nil by June. Under these conditions, of course, the plankton or- 
ganisms did not become uniformly distributed from surface to bot- 
tom and the rotifers and Crustacea which invaded this bottom stratum 
when it contained a sufficient supply of oxygen for them, withdrew 
from it in the early summer. A bright green Stevior, however, ap- 
pan'nfly Stenior igneus Ehrbg. continued to occupy the stratum 
which had very little or no free oxygen during the entire summer in 
190D. About 200 individuals per liter were found at a depth of 13.5 
meters on June 3 where the water contained not even a trace of oxy- 
gen. Reference will also be made on a subsequent page to the occu- 
pation of this stratum by Corethra larvae. 
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SsNamrsitBss to Laoe ov Oxtqsn. 

The various zooplankton fonns sbov differeoit degrees of smiaitlTe- 
ness to the lack of oxygen in lake waters. It vonld seem tiiat amb 
active organisma as the plankton Crustacea would require a rather 
large amount of free oxygen, but it has been found that they ate 
able to occupy water which contains only a very Bmall amount of this 
gas. DiaptoriMS is much more sensitive than Cyclops and is rarely 
found in water which contains leas than 0.2 o& to 0.3 oc. of oxygen per 
liter, while Cyclops may be found in considerable numbera in water 
^ich contains only 0.1 cc. or even leea. In one experiment, some 
specimens of Cyclops bicuapidatvs which had just emerged from their 
encysted state, lived for sevra-al hours in water which contained no 
free oxygen whatever. Also in Rainbow lake on October 22, 1909, 
specimens of this Cyclops were found at depths where there was no 
dissolved oxygen. These specimens were immature and had doubt- 
less recently come out of the cocoon. In view of the fact that this 
form lives several Wee^s during the summer in an encysted stage, in 
water which does not contain dissolved o^gen, it is not so surprising, 
perhaps, that it shows such a very low degree of sensitiveness to lack 
of oxygen when it is not in the encysted stage. An ostracod, also-, as 
indicated on a subsequent page, is able to live in water which con- 
tains no dissolved oxygen. 

The oopepod nauplii are able to live where only a vary small 
amount of free oxygen exists. In a very few instances they have been 
found in water Which contained only a trace of oxygen, but generally 
they do not occupy water which possesses less than 0.1 cc. 

The CUtdocera are more sensitive to lack of oxygen than the Cope- 
poda. Daphne longispina var, hyalina and D. pulex may be found 
in considerable numbers in water which has only 0.2 cc to 0.25 oc of 
oxygen per liter but healthy looking individuals are practically never 
found in water containing less than this amount. Daphne retrocurva, 
Diaphanosoma, Chydorus, and Bosmina are found almost entirely in 
water which has a fairly large amount of dissolved oxygen. Only 
rareiy are they taken in water which possesses less than 0.5 cc of 
free oxygen and they are moat abundant in water which is nearly or 
quite saturated with this gas. These forma, however, are very gen- 
erally limited to the region above the thermocline even in lakes where 
there is an abundance of oxygen below this depth and it seems prob- 
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able, therefore, that other factors play a more important role than 
oxygen in determining their vertical distribution. 

In one instance (Beaaley lake, April 22, 1909) a fairly lai^ num- 
ber of rotifers was found at two depths where only a trace of oxygen 
was pres^it but rarely has any oonsiderable number been found in 
water containing less than 0.1 ce. of free oxygen per liter, and more 
often, tbeiy are very scarce when the amount falls bekrw CIS cc. to 0.2 
cc 

It will be noted in some of the accompanying diagrams, for ex- 
ample figs. 126 and 138, that some forms show a marked increase 
in numbers in the r^on just above the water which is devoid of dis- 
solved oxygen. These aggr^ations are generally found in water 
whidi contains from 0.15 ce. to 0.8 cc of dissolved oxygen per liter. 
Nauplii exhibit this phenomenon most frequently, but rotifers, Cy- 
clops, Daphne longispiTUi, and D. pulex have ooiasionally shown the 
same phenomenon. 

Coreihra larvae, apparently those of Corethra punetipermis, are able 
to occupy with apparent impunity, water which contains no dissolved 
oxygen. In fact they seem to prefer this re^on in the daytime aa 
they are almost invariably found here when they inhabit such lakes. 
It is not known definitely iriiether the two pairs of air-sacs possessed 
by these larvae have any respiratory function or not ; but in this easa, 
one can readily see how they may serve a very important function by 
acting as reservoirs for oxygwiated gas. But, it will be shown below 
that other animals which are more or less active, and which do not 
possess any sudi reservoirs, are able to live for 2 or 3 months in a 
medium whidi contains no free oxygen. Therefore it Ts not necessary 
to assume that these larvae carry a supply of oxygen with them when 
they move down into the water which is devoid of this gas, for it may 
be that they too are able to live by intra-moleoular respiration for some 
time. 

As yet no thoroughly satisfactory reason can be assigned for the 
migration of tiiese larvae to this region in the daytime. They react 
negatively to lig^t, as they move down from the upper water early in 
the morning and remain in and below the thermocline during the day. 
At night, however, they are frequently found at the Burface. They 
descend to depths of 12 m. or 36 m. in the daytime in lakes which have 
a very low transparency, that is, in some where a Secohi's disc disap- 
pears from view at a depth of 2 m. or even less. This seems to indi- 
cate that light is not the only factor involved, for it scarcely seems 
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probable that light alone could be responsible for such a large depth 
migration in lakes which have such a low traiispareu<7. It appears 
then that other factors are involved which are still unknown. 

In lakes whose lower water contains no dissolved oxygen, these lar- 
vae are the only r^ilar inhabitants o£ such water, so tiey would be 
free from enemies here. On the other hand, however, they ronain in 
the lower water in the daytime in lakes where there is enough oxygen 
to enable their enemies to occupy this r^on also. In North Turtle 
lake, for example, some specimens of Lota maculosa were obtained from 
the lower water and the stomach of one contained about 200 Corethra 
larvae while stomachs of other specimens contained from 10 to 100 
larvae. In view of this fact, then, one can not say tiiat the larvae 
move down into this region in such lakes to avoid their enemies. 

No evidence has yet been found which indicates that a chemical 
factor is involved. This diurnal migration has been found in some 
lakes in which the water above the thermocline gave an alkaline reac- 
tion while that below gave an acid reaction on account of the free 
carbon dioxid present. It has also been noted in other lakes in 
which the water contained free carbon dioxid from surface to bottom 
so that it gave an acid reaction at all depths and in lalcee which 
have soft as well as in lakes which have hard water. 

In Baasley lake, another animal was found which occupied the 
bottom water regularly during the summer of 1909, where there was 
little or no free oxygen. It was the bright grewi Stenior ignetia 
Ehrb. This protozoan has not been noted in any other lake and the 
fact that Beaaley lake is comparatively shallow (14 m.) and the water 
generally has a fairly high transparency, suggests that this Stenior may 
receive enough light during the daytime to enable it w manufacture 
a sufficient amount of oxygen for its own respiration. 

Several forms have been found in the muddy ooze at the bottom al- 
though there was no free oxygen in this region. These forms have 
been studied chiefly in lake Mendota and the following discussion ap- 
plies particularly to this lake. The protozoa were repreaented by the 
lai^st number of forms. Living, active representatives of sixteen 
genera have been noted, Pelomyxa, Difflugia, Colpidmm, Oyrocorii, 
Peranema, Coleps, Loaophyllum, Paramecvam, Prorodon, Lacrymaria, 
Uronema, M<mas, Meiopus, Spirosiomaim, Loxodes, and Stenior. AH 
of the individuals represraiting these genera were perfdily normal bo 
far as could be determined. They ^owed no evidences of unusual 
vacuolaldon, or any other signs of ill effects resulting from the a 
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He oMutiticaifi under wtii^ thsj lived. Sothe of the pahud&c pro- 
tozoa Im under practically anaeroUc oonditiooB constantly bo it is not 
flurprising, perhaps, that the above forraa Bbbuld adapt diwna^lv* i6 
such conditions when neceeaary. These anaerobic conditions exist in 
lake Mendota for a period of about three months each summer ftnd it 
bas been fonnd that theee protozoa are as nnmeroos and as active to- 
ward the end of t^is period as at the banning. Apparently, theu, 
tiieee organisms are able to carry on their life jwoceasee jurt as weJl 
nnder anaerobic as under aerobic conditions. 

Higher invertebrates were also found in this muddy ooze. The 
worms were represented by specimens of Tviifex, Limnodrilus, and 
Anguilltdaj the rotifers by Chaetonotus and Philodina; the cmstacea 
by an ostracod belonging to the genua Candona. and by encysted speci- 
mmfl of Cyclop bicuapidaivs; insect larvae by a large red chironomid 
larva ; and the mollusca by Comeocyclas idahoenaia. 

Some observations were made to determine how active some of 
these forms are under anaerobic conditions. Muddy water containing 
them was pumped into glass jars that could be sealed and kept air- 
tight This muddy water was pumped through the jars so that they 
could be thoroughly flushed and all of the material removed that had 
been exposed to the air. The jars were sealed immediately after the 
material was obtained and they were then taken to the laboratory and 
placed in a refrigerator in order to keep the temperature about the 
same as that of the mud in the bottom of the lake. They were kept 
at a temperature of 13° to 15° which was 1.5" to 3.5° above that of 
mud at the time the material was obtained. The jars were carefully 
removed from the refrigerator from time to time, and examined in 
order to determine how active the various animals were. 

The worms were as active under anaerobic as under aerobic condi- 
tions. So far as could be determined, they were not atfected in the 
least by the absence of free oxygen. It has been found that some 
parasitic forms which live under essentially anaerobic conditions, have 
a very high glycogen oontent but no determinations have yet been 
made to ascertain the relative proportion of glycogen in these non- 
parasitic forms. 

Candorta kept itself buried in the mud most of the time and so far 
as could be determined was not very active, but when placed in aerated 
Water it soon became more active and moved around in the dish aa 
usual under such conditions. 

The encysted individuals of Cyclops bicuspidatus remained quies- 



dbyGoogle 



DIBTBlBUlff^}/ Of QafWflBXB. 186 

(ent of course. Tl^ go into tliis atate iu lake Meudota about the first 
of June and remai^ iu tba 03^ lying <ax the bottom, until about the 
time of the autumnal oTertom, which takes place ^tber iu late S^tem- 
ber or during the first half of October. The ooooon or c^t is oval in 
outlio^ about 0.65 mm. Imig ajul 0.5 mm. iu oroea diameteE, II oon- 
sists of two layers, an inner oompoeed of a yellowi^ or brownish g^t- 
iuous substance ^nd an outer composed of this adhesive substauoe 
ap^d paxticlee of mud, T^|;etable debris, eta Tha entire Gyelops is 
covered hj this (^at with the esaeption of the abdominal setae. The 
abdomen is geuerally beut forward ventraUy, coming dose to tJie uu- 
4or side of the thorax, so th^ tlie caudal setae project toward the an- 
terior ead of the animal. These individuals are well developed, per- 
haps three quarters grown or more, wb^ they pupate, but they are 
sexually immature. 

^ih the eucystatiou iu early summer and the onergenoe from 
t^e cppoou stage iu autunm do not seem to be coincident with any 
marked physical or ch^ujcal changes in the water to whidt they might 
be attributed. Soth iu 1906 aud 1907, most of the pupation took 
place iu lake Meudota when the bottom water reached a temperature 
of 9° to 10°. Marsh' reports that tiuB Cyclops is found in lake Wiuuo- 
bago only in the months from October to June. That is, it is found 
in this lake as a winter form only. This lake is large and shallow 30 
that the water at all depths becomes very warm during the summer. 
Eofoid', also, states that C. bicuspidaiut is only a winter and early 
spring couBtitu^it of the plankton of the Bliuois river. Sudi evi- 
dence as this might lead to the conclusion that eni^tation is merely a 
temperature phenomenon which is started by ai rise in the temp^a- 
ture of the water to 9" or 10°, but there are ocHnpIexitiee which can 
not be explained in bo simple a manner. For example cysts have been 
found in lakes which bad an abundance of water -v^ch was colder tlian 
0° during the summer aud which also contained a fairly large amount 
of dissolved oxygen. 

Therefore, if pupation ie simply a temperature phenomenon, it is not 
dear why it should take place at all in such a lake. It can not 
be attributed to any marked or sudden rise iu the temperature of 
the bottom water, for most of the pupation took place iu lake Meudota 
in 1906 while the bottom water rose from 9.6° to 10.1° or only half 
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At first it was supposed that the cliemioal oonditiMi of tlie oool 
lower water mig^t be the cause of the pupation but further investiga- 
tion baa shown that this does not account for the phenomenon aatia- 
faotorily. In 1906, it was found that individuals went into the oocoon 
stage In lake Mendota when the bottom water atill contained 4 cc. of 
dissolved oxygen per liter and 2.6 cc. of free carbon dioxid ; in 1907, 
however, the firrt cocoons were found on May 28 and cm this date the 
bottom water contained 7 cc. of oxygen and showed an alkalinity equal 
to 2.6 cc. of carbon dioxid. Thus it will be seen that the cocoons are 
formed while the lower water still possesses an abundance of dissolved 
oxygen and while it may be either acid or alkaline. Cocoons have 
been found also in lakes whose cool lower water contains more or less 
oxygffli during the entire summer, enough in fact to support a fairly 
large population of other Crustacea. 

Marsh* states that C. bieuspidatus is found at all seasons in several 
Wisconsin lakes which he studied and this aeema to indicate that in 
some of the lakes only a part of the individuals go into the ooooon stage 
while others remain active during the summer. 

Forbee states that this Cyclops (C. ihomasi) was the dominant cope- 
pod in the summer plankton of lake Midiigan* and he also found it 
abundant in lake Superior* in summer. Scourfield* and Scott' have 
also reported this form as a constitUMit of the summer plankton of Eng- 
lish and Scottish waters. This, of course, makes the cause of the 
encyetation still more puzzling. In lake Mendota, this Cyclops baa 
not been found in the simmier catches made in 1906, l'J07, and 1908, 

Emergemce from the coooon in the fall b^ns and seems to be al- 
most completed before oxygen reaches the bottom water in appre- 
ciable quantities and before the temperature of the bottom water 
changes very much. In 1906 the ooooous b^;an to hatch before the 
end of September and almost all had disappeared before October 8th ; 
and the Water at 16 m. and below that depth still contained no free 
oxygen and had 4.9 cc of free carbtm dioxid per liter. The tempera- 
ture of the bottom water also had changed only half a degree in 9 
weeks, that is, on August 1, it was 12.5° and on October 8, 13°. 
Thus the cause of the emergence from the cocoon is equally as puz- 
zling as the cause of its formation. 

I Plmikton ot U Wltm«baso and Green Lake, p. 27. 1908. 

> Amer. Nat., XTl, p. 641. 1882. 

• Rept U. 9. Comm. ot Flah and FiBberies, 1887, p. T07. 1891. 

t Essex Natnrallst, X, p. 264, 1S98. 

■ Ann. Rept. Flsbery Bd. Scotland. XTII, p. 132-804, 1899. 
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In emerging, the Cyclops breake the cocoon and looeena it by vio- 
l&ady extending and flexing the abdomen. The animal then backs 
out of the part which covers the body. No moulting accompaniea the 
release from the cocoon, nor doee any development of the animal take 
place in the exit Obserrations were made on material that was 
brought to the laboratory in order to determine the length of time re- 
quired for hatching. It was fotmd that there are always great indi- 
vidual differences in this respect but in general the results showed 
that the coooons hatch more promptly in September than in early 
June. During the latter month most of the cocoons will hatoh in 
about a we^ while in September the time varies from 6 or 8 hours 
to as much as 4 or 5 days. Just how great a food supply is stored 
for use during the resting period has not been determined. Encysted 
individuals always possess rather large globules of oil but these do not 
seem to decrease appreciably in size during the summer. Neither have 
any glycc^n eetimatione been made to ascertain how much reserve food 
of this character is stored up for use during pupation. 

No specimens of Ch4.r(momus larvae were noted in the jars on which 
observations were made. 

Comeocyclaa remained quiescait witli the valves tightly dosed. 
Soqo of the jars were kept under observation for two wedia and no 
living specimens were ever found with the valves open. The mud in 
the bottom of the jars was also carefully examined for indications of 
activity, but no evidences of it were found. When removed from the 
jars, however, and placed in aerated water, or when the contents of 
the jars were poured into crystallizing dishes and exposed to the air, 
the specimens of Comeocyclas soon became very active, freely moving 
about in the mud. These results seem to indicate that this mollusk 
remains quiescent or dormant during the period when the muddy ooze 
at the bottom contains no dissolved oxygen. If this be true, this quies- 
cent period lasts for three months or more each summer in lake 
Mendota. 

Several interesting problems with respect to the life of Comeoeyclas 
are still untouched. It would be interesting to know how widely it 
is distributed over the bottom of the lake and whether it extends into 
the shallower water where the bottom ooze contains enough oxygen to 
enable the animal to continue its usual activities during the summer. 
Neither has the time at which it reproduces been determined as yet. 
No attempt has hem made either to aaoertain whether the tissues un- 
dei^ any appreciable change during the quiescent period, and whether 
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a special supply of fat and gljcogeo are stored previous to the latent 
life period to serve as food during that time. 

The medium in which all of these forms were found in lake Men- 
dota in summer is not only devoid of dissolved oxygen but may con- 
tain from 7 CO. to 15 oc of free oartxai dioxid per liter as well as 6 oo. 
to 8 oc of methane and traces oi carbon mcmozid and hydrogen sul|^d. 
So far as could be determined, however, these subetanoee produced no 
deleterious effects <m the organisms. 

From these results, then, it is evident that, if we wish to understand 
the physiology of some of these lake inhabiting oi^anisms, we must 
vtudy them in t^eir natural environment and not merely in the labor- 
atory where they are subjected to a purely artificial envinmment. It 
is only necessary to give two or three instances to show that the re- 
sults obtained under the former oonditions may differ materially from 
those obtained under the latter. Some obeerveiB have found that 
a number of forms of protozoa show marked changes when they are 
placed in water o(»itaimng no dissolved oxygea. Most of the protozoa 
become strongly vaonolated, in many the cell membrane bursts and the 
protoplasmie cont«its flow out ; and in those which do not fare so badly, 
diaracteristio changes in the protoplasm have been noted. Under nat- 
ural conditions, it has already been stated that representatives of no 
fower tiian 16 genwa of protozoa have been found living under an- 
aerobic conditions without exhibiting any evidences whatever of ill 
effects resulting therefrom. And they withstood such conditions for a 
period varying from about three months in some lakes vo as much as 
five mondis in others. It has been observed, also, in laboratory ex- 
perimetuts, that anaerobic conditions have a bad effect on the process 
of reproduction, yet it does not appear that such conditions affect this 
process under natural anaerobic conditions. While no stages in this 
prooees have been noted in the material examined, yet the protozoa 
were as abundant and in as good (condition at the end of the anaerobic 
period as at the beginning, and this could scarcely have been true if 
the reproductive process had been seriously interfered with. 

Loeb' has foimd that the heliotropio reactions of some of the fresh- 
water crustaceans can be readily controlled by specific chemical sub- 
stances, especially carbon diozid. He states that both Cyclops and 
Daphne can be made positively heliotropic by carbon dioxid and sug- 
geste that the consumption of Uiis gas at the surface of lakes by the 

> Univ. Calif. Pub., Phrslol. II, p. 1-3, 1904. 
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algae "may con^bute toward making these animals negatively helio- 
tropic and thus forcing them to migrate downward." Thia suggestion 
is open to at least two very serious objections. The first is that the 
downward migration of the Crustacea takes place very early in the 
morning, or before there is a sufficient amount of light to enable the 
algae to carry on the process of photosyntliesia and, therefore, before 
there has been any change in the carbon dioxid content of the upper 
water which is deserted by them. In the second place, this down- 
ward migration takes place in lakes whose waters are distinctly acid 
from surface to bottom due to the*pre3ence of free carbon dioxid and 
"(riiere the amount of carbon dioxid at the surface is the same as at the 
depths to which the cruatacea migrate. 

On the other hand, these diurnal depth migrations have been noted 
in lakes during the vernal circulation when the water wan uniformly 
and distinctly alkaline from surface to bottom. In summer this phe- 
nomenon has been observed in lakes whose upper water was alkaline 
and whose lower was acid. In addition it may be said that no diurnal 
changes of the water from an alkaline to an acid reaction have been 
found in WiaoonBin lakes. Such changes take place slowly and henoe 
extend over a considerable period of time. When the upper stratum of 
a hard water lake becomes alkaline in the spring, for instanoe, it haa 
always remained so until autumnal conditions set in, so far as these 
observations go. The degree of alkalinity may vary during this long 
period of time, but these variations are not diurnal. 

It appears then that the variotis protozoa and microcrustacea of the 
different lakes have become delicately adjusted to their natural en- 
vironments, including chiefly perhaps, such factors as light and the 
thermal and chemical conditions of the water. Hence, subjecting 
these organisms to artificial laboratory conditions upsets this adjust- 
ment and produoes reeults which may be partially or ■^lolly at vari- 
ance with those which are found under natural conditions. If we 
wish to understand the life and activities of such organisms, then, we 
must study them as fully as possible in their natural environments. 

With respect to high oxygen, it may be said that water which is 
supersaturated with this gas seems to have no effect whatever on the 
vertical distribution of the various zooplankton forms. They are 
neither attracted nor repelled by such a stratum of water. The dia- 
gram for Knights lake on August 26, 1909, (fig. 140) shows how little 
the high oxygen affects the distribution of these organismti. 

Some tests were made on fishee in order to ascertain how the lower 
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water whidi contained no free oxygen, would affect them. Perdi 
(Perca flavescens) and crappiee {Pomoxia) were used for this 
purpose as they are very hardy. Aquaria and specimens of the» 
two fishes were taken out in a boat on lake M^idota and some of the 
lower water free from dissolved oxygen was pumped into an aquarium, 
the discbarge end of the hoee extending to the bottom of tbe aquarium 
so as to expose the water to the air as little as possible. The aquarium 
was well {lushed and then a fish was quickly introduced. In nearly 
all cases the specimens turned ventral side up in 20 to 30 seconds 
after they were placed in this water and specimens which remained in 
the water died in a few minutes. If they were removed, howeiver, 
after 2 or 3 minutes and placed in aerated water, they quickly r^ 
vived. - These results only confirmed what had been taken for granted 
before performing the experiments, that is that the lower water is 
uninhabitable for fishes when it contains no dissolved oxygen. 

No further experiments have yet been made to ascertain tbe resist- 
ance of fishes to lack of oxygen, Konig' found thac he could keep 
fish (kind not specified) in water which contained 2.05 cc, and 1.38 
cc. of dissolved oxygen per liter without any apparent ill effects, 
Thorner' found that a fish epidemic was caused by the absence of free 
oxygen. Hoppe-Seyler and Duncan* state that the trout which were 
kept from one and a half to two and a quarter hours in water having 
only from 0.98 to ,1.71 cc. of oxygen per liter showed marked signs 
of dyspnoea. Paton* in experiments on young rainbow trout, found 
that a fall in the amount of dissolved oxygrai below one-third of the 
normal amount, i. e., below 2 cc. per liter of water, is prejudicial and 
generally fatal. Some individuals, however, were able to sustain life 
for long periods in water which contained only minimal traces of dis- 
solved oxygen. 

Knauthe' found that carp kept for an hour and twenty minutes in 
water which contained 1.33 cc of oxygen per liter, did not show any 
signs of dyspnoea, while others became dyspnoeic in water containing 
from 2 oc. to 3.1 cc. of tbia gas. 

Only two instances have been noted whidi give some notion of the 
resistance of any species of fish to the lack of dissolved oxygen. The 
Mackinaw trout (Cristivomer namaycvgh) has a peculiar geographical 

1 Dte Verunrelnigung der Oewfteser, II, p. 37, 1879. 
» ForachungBber. Uber Lebenamlttel, rv, p- 172, 1897. 
» Zeltschr. (iir physlolog. Chemfe, XVII, p. 165, 1893, 
* Froc. Roy. 8oc. Edinburgh, XXIV, p. 14G. I»ft4. 
B Biol. Centralbl., XVIII, p. 788. 1898. 
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distribation in the lakes of northern WiaoonBin and some obeervatianfl 
were made for the purpose of ascertaining, if possible, the cause of 
this peculiaritj. In Uie course of this work, Trout lake, in which 
the Mackinaw is fairly abundant, was visited in early September, 1906. 
This lake consists of two parts connected by a comparatively narrow 
but deep channel, and both parts have a maximum depth of about 
30 m. Some gill nets were set on the bottom in the deepest wat^ of 
the south part, that is, in water 28.5 m. to 30 m. deep, and in 24 honiB 
6 trout were obtained. At the time the nets were raised, some samj^ee 
of the bottom water at this point were taken and these snowed that the 
water at 29 m. contained 0.9 ec. of dissolved oxygen per liber and at 
27 m. there were 2.1 cc. 

The position of the trout in the nets indicated tliat they were within 
one meter, or perhaps less, of the bottom and therefore in water whidi 
did not contain more than about 1 ce. of dissolved oxygen per liter and 
very probably less. Also, on September 12, 1909, six specimens of a 
whitefisb were obtained at a depth of 67 m, in Green lake where the 
water contained but very little more than 1 oc of o^gen per litCT. 
It is impossible to say just how long individuals of these two species 
of fish oould remain with impunity, in water with such a relatively 
small amount of oxygen, but the facts seem to warrant the conclusion 
that they do not hesitate in the least to enter water which contains as 
little as 1 cc. of dissolved oxygen per liter, or perhaps even a little lees 
than this amount 

The inability of fishes to occupy water which contains no free oxy- 
gen means that their vertical distribution is very much restricted in 
some- lakes in summer. In the smaller lakes which are well protected 
from winds and which contain much decaying organic matter, the 
dissolved oxygen may entirely disappear below a depth o£ 5 m. or 6 
m. in late summer. In such lakes, then, the fishee would be re- 
stricted to a warm, uj^)er stratum only 6 m. or 6 m. thick. Even in 
so large a lake as Mendota which has an area of about 39 aq, km,, 
there is practically no dissolved oxygen below a deptii of 10 m. or 12 
m. in August and early September. As this lake has a maximum 
depth of only altout 25 m., this means that about half the maximum 
depth of the lake is uninhabitable for fishes at this time. Scarcely 
more than a third of the maximum depth of some lakes is habitable 
for fishes in late summer. 

Thu3 it will be seen that the oxygen condition of the lower water 
may be a very important factor in determining the geographical dis- 
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tribution of a species of fish. Such a fiah as the Mackinaw trout, 
for instance, which requires cool water during the summer would not 
find conditions favorable for it in a lake where all of the dissolved 
oxygen disappeared from the cool lower water during the summer. 
Consequently it would be limited to the lakes which have cold water 
with enough free oxygen to supply its needs. This fact is of very 
practical importance in the introduction of this species of trout or of 
species of whitefiA into new waters. A determination of the quantity 
of dissolved oxygen in the cool, lower water of a lake in the month of 
August will show whether the introduction of these fishes is likely to 
prove successful or not. 

Plankton organisms, either directly or indirectly, constitute a very 
important element of the food of most fishes at some stage of their 
developm^it; in fact it has been asserted that the production of fiih 
is closely correlated with the amount of plankton produced by a lake, 
or stream. But some of the foregoing results show that this state- 
ment must be modified somewhat for lakes. It has been pointed out 
that plankton is a very important factor in determining the oxygen 
condition of the lower water since it furnishes a large amount of de- 
composable matter. Beyond a certain limit, then, an increase in the 
amount of plankton would tend toward a decrease in the production 
of fish in lakes, more especially those species which live in the cool 
lower water in the summer, rather than an increase, becaiise it would 
make conditions unfavorable for them in the lower strata. The de- 
composable matter derived from a very large growth of plankt»n 
would use up the dissolved oxygen in the lower water, thus making 
conditions unfavorable for fishes which prefer cool water and also 
causing a very considerable restriction in the vertical distribution of 
even those which are able to live in the warm upper water. So far 
aa oxygen conditions in the lower water are concerned, then, a lake 
that is poor in plankton would be best adapted to fiah life in that re- 
gion, but the question of food now enters as a factor of equally great 
importance. Therefore the quantity of plankton that is best adapted 
to fish life in a lake is that which will give the maximum amount of 
food and still not furnish enough decomposable material to the lower 
water to exhaust all of ito dissolved oxygen and render this region un- 
inhabitable for fishes. 

In experiments on Fimdulus Ji-eteroclitus Packard' found that the 



1 Amer. Jour. PhyBlol.. XT, p, 30-43. 1905-06. 
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power of reeistance to lack of oxygen waa increased by sodium bicar- 
bonate and that decreasing the alkalinity by injecting acetic add into 
the blood decreased the resisting power. From these reBulta, it 
may be inferred that the resistance to lack of disaolved oJ^gen de- 
pends in a measure, at least, upon the chemical cffluposition of the 
blood. Thus, if a fish poaseseed the power to alter the composition of 
its blood somewhat, it would be able to adapt itself to water which 
contains only a comparatively small amount of dissolved oxygen. 
The ability to increase their resisting power would doubtless be useful 
to fishes in many of the Wisconsin lakes and it is possible that they 
may possess some power of adaptation to such unfavorable conditions. 

In this connection, also, it may be said that Packard* has found 
that the presence of a depolarizer, such as carbohydrates, increases tho 
power of fl^ee to resist low oxygen. This may help to explain why 
the various forms which occupy water that contains no free oxygen, 
are enabled to do so. Thwe are substances in this wat»r which would 
act as depolarizers and would thereby facilitate intra-moleoular respir- 
ation. 

Enauthe* calls attention to the fact that Oasch, Marason, and Hofer 
have found undoubted evidences of a close relation between an in- 
sufficient amount of dissolved oxygen and fish diseases of both a 
parasitic and bacterial nature. So far very little attention baa been 
given to this problem in the studies on Wisconsin lakes but a few ob- 
servations have been made which seem to show that some fish epi- 
demics have been closely correlated with unfavorable oxygen c<mdi- 
tions. It has been noted, for instance, that Leucichthys sisco whit^ 
is foimd in Okauchee lake and which seems to occupy the cooler 
water below the thermodine during most of the summer, dies olf 
sometimes in very large numbers in late August and early September 
v/hen the cooler water just below the thermocline does not contain 1 
very large amount of dissolved oxygen. The most serious epidemic 
that has been noted within the last few years occurred in late August 
and early September, 1909, when the cooler water of this region con- 
tained the smallest amount of dissolved oxygen that has been found 
here in four years. In 1905, the maximum amount below the thermo- 
cline was 0.74 cc. per liter of water; in 1906, 0.95 cc., in 1'907, 1.7 
ec, ; in 1909, 0.44 cc. In 1909, the epidemic was very serious, the 
shore in places being covered with large numbers of dead fish. 
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Hofer (loc. cit) haa, also, found that a scarcity of oxygen will 
produce epidemica among the larger cmstacea. 

With reelect to the biological relation of diasolved nitrogen, it may 
be said that Marsh and Gktrham' reached the conclusion 'that this 
gas is the chief, if not the sole, cause of the gas disease in fishes. 
These iuveetigators found that an excess of about 2 cc. of nitrogen 
per liter ot water was sufficient to produce symptoms of the disease 
and tihat an exoess of 6 cc. killed most adult fishes in a few hoor^ ITot 
enough data bearing on this point have yet been obtained in these in- 
vestigations to enable one to say whether similar conditions in natural 
environment will produce similar results or not But attention may 
be called to a set of observations on Otter lake which has more or less 
bearing <m tliis question. On August 20, 1906, the water of this lake 
contained an escess of nitrc^n at all depths. The amount of excess 
varied from a minimum of 0.4 cc. at the surface to a maximum of 
5 cc. at 5 m. There was an exc«es of 3.6 cc, at a depth of 3.5 m. 
This lake has a fairly large fish populati<m and the water contains 
enough dissolved oxygen at all depibs to supply their needs. The 
vertical distribution of the fishes could not be determined at tiie 
time of making the gas analyses, so it is impossible to say definitely 
whether they occupied water which contained an excess of 2 cc. or more 
of nitrogen per liter or not. But it seems very probable that they did 
because they would have been limited to the upper 2 m. if they bad 
not occupied water which contained an excess of 2 cc of nitn^en per 
litffl or more. Ko unusual fish mortality was noted at the time of 
these observations and therefore, if they were inhabiting water that 
contained an excess of 2 cc or more of nitn^en it [uroduoed no serious 
results. 

Knudseai* readied the conclusion from his experiments that the 
quanti^ of free carbon dioxid found in water depends chiefly upon 
the nature of the plankton. Copepods decreased the oxygen per- 
ceptibly and increased the carbon dioxid in three hours. Diatoms 
kept in the dark, absorbed a little oxygen and gave up an appreciable 
amount of carbon dioxid but those exposed to light used up almost a 
quarter of the total quantity of free carbon dioxid and gave off oxy- 
gen. 

In the Wisconsin lakes, however, decomposition of organic matter 
seems to be the most important factor concerned in the consumption 



1 Rept. n. 8. Comm'r of FIsherlM for 1904, p. 356. 
1 Comptea Rendoa, CXXIII, p. 1091-3, 1S96. 
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of dissolved oxygen and in die production of free carbon dioxid. 
While both fish and living plankton organisms may play more or lees 
prominent roles in this prooesa, yet they are by no means as import- 
ant a factor as deeompoBition. 

With reelect to the effect of the chemical conditions of the water 
on the phytoplankton, the carbon dioxid will be considered first The 
phytoplankton and the chlorophyl-bearing zooplankton as well, re- 
quire the presence of a certain quantity of carbon dioxid in an avail- 
able form for the manufacture of carbohydrate food material photo- 
synthetically. The amount of this gas whi(^ will be required depends 
upon the scarcity or abundance of these organisms. But lihe amount 
of available carbon dioxid is a fairly uniform and fixed amount for any ' 
one lake, the quantity differing, however, in different lakes. Such 
being the case then, what is the effect of these fixed conditicoiB on the 
cblorophyllaccous microoi^anisms ? So far as the hard water lakes are 
concerned, there is enough available carbon dioxid to support large 
growths of these organisms, because there is a fairly large supply of 
half-bound carbon dioxid which may be drawn upon after the free 
carbon dioxid ia exhausted. 

But the soft water lakes, especially those with very soft water, 
present a very different set of conditions. Attention has already 
been called to the fact that the upper water, which these organisms 
inhabit chiefly, appears to obtain carbon dioxid from the air at a 
slow rate and it receives very little by diffusion upward from the lower 
water. From these sources then no large supply of free carbon dioxid 
is rapidly obtainable by the upper water, and since only a small 
quantity of half-bound carbon dioxid will be present in a very soft 
water, the total available carbon dioxid will be limited in amount 
Thiia siH-Ji a lake may not posssess enough Available carbon dioxid tj 
support a large growth of organisms which depend upon a supply of 
this gas for the manufacture of their roost important food element 
Generally, then, one may expect to find only a comparatively small 
number of chlorophyl-bearing organisms, more eepe<aally algae, in 
such a lake ; in other words, such a body of water will very generally 
be poor in [Aytoplankton. 

The Muallest quantity of available carbon dioxid found in any 
Wisconsin lake was 0.5 cc. per liter of water, which is still somewhat 
larger than the amount usually found in a liter of air (0.3 to 0.4 cc.). 
But the ease with which land plants come into contact with large 
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quantities of air, results in their exposure to a much larger supply 
of carbon dioxid in the course of a day, than a submerged aquatic 
plant in such a lake. In order to make good this deficiency resulting 
from poorer circulation, and produce an exposure to an equal volume 
of carbon dioxid in a given time, lake water must contain a much 
larger proportion of this gas in an available form than the air. 

Whipple and Parker' state that, "in Massachusetts water-aupplies, 
heavy growtiis of organisms were somewhat more likely lo occur in 
bard water than in soft waters." They attribute this phenomenon, 
in part at least, to a scarcity of available carbon dioxid in the soft 
water. In general, the soft water lakes of "Wisconsin on which ob- 
servations have been made, that is those in which the fixed carbon 
dioxid does not exceed 4 cc. to 5 cc per liter of water, do not support 
so lai^e a phytoplankton population as the hard water lakes. There 
are some exceptions, however, to this general statement. Some fairly 
ia^e growths of such organisms have been found in Devils late both 
in 1907 and 1908 and this lake has a soft water, averaging somewhat 
lees tiian 4 cc. of fixed carbon dioxid per liter. 

On the other hand, it seems certain that other factors also, may 
be concerned in the production of the paucity since all hard wator 
lakes do not support continuous large growths of phytoplankton. The 
deep lakes especially are usually poor in phytoplankton. They may 
possess fairly large growtbs of algae at times, but these growths do 
not continue for any considerable period of time as in the shallower 
lakes. No hard water lake has yet been found, however, which con- 
tained so little phytoplankton as many of the soft water lakes. 

The data at hand do not indicate definitely just what factors are 
responsible for the paucity of phytoplankton in the deeper lakes, auch 
as (Geneva and Green, It seems evident, however, that the thermal 
stratification of the water as well as the size and the shape of the lake 
basin, are factors which play a more or less prominent role in produc- 
ing this phenomenon. In thermal stratiiication, the lake is separated 
into an upper, warm stratum and a lower, cool one and there is no 
intermixture of the water of these two strata as long as stratification 
continues. The phytoplanliton which is active in the process of photo- 
synthesis is confined chiefly to the upper stratum or the epilimnion and 
any factor which tends to make conditions unfavorable in this region 
for these organisms, tends to prevent a large growth of them. After 



1 Trans. Amer. Micro. Soc., XXIir. p. 140, 1902. 
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tltermal stratification ia onoe established, practically all of the products, 
sudb as carbon dioxid and nitrogenotiB compounds, that are formed in 
the lower water during the process of decay, remain in this region, and 
are, t^erefor^ unayailable as food for the algae as long as this stratifi- 
cation continaes. In other words the lower water serves as a safe 
deposit regimi for this material until the autumnal overturn. The 
deeper lakes have much steeper sides so that a much larger proportion 
of ihe decomposition takes place in the lower water. Hence a pro- 
portionately larger amount of food material becomes unavailable for 
the algae in the epilimniou of the deeper lakes. In lake Geneva and 
Green lake the water is thermally stratified for a period of about five 
months each year and in that period of time considerable amounts of 
food material are transferred from the upper water to the lower be- 
cause organisms which populate the former are constantly dying and 
sinking into the lower strata where they decay. Thus, food conditions 
become more and more unfavorable for the algae of the epilinmion 
during the period of thermal stratification which includes practically 
all of the most favorable growing season of the year. 

In the shallower lakes, especially those with wide, shallow margins, 
a lai^r proportion of the decay takes place in the water above the 
thermocline and the resulting decompositifm products are again avail- 
able as food for the algae of this water. Thus, during the period of 
thermal stratification in the shallower lakes, much of this material 
may be used again and again by the phytoplankfaxL Large shallow- 
water, aquatic plants are more numerous in the shallower lakes and 
the decomposition of these contributes additional food material to the 
upper water. Thus in proportion to the volume of water, the shal- 
lower lake presents more favorable food conditions for the phytoplank- 
ton during the period of thermal stratification than the deeper lake 
because a greater proportion of the decomposition takes place in the 
epilimniou where the resulting products are available as food for the 
algae. 

The size of a lake is not as important a factor as the shape of the 
basin, that is the depth, in determining the quantity of phytoplankton, 
but it seems to have some infiuence at least. In a large lake, the wind 
is more effective in keeping the upper water in circulation, so that the 
epiUmnion is thicker, hence the volume of water which may be occu- 
pied by the phytoplankton is proportionately greater. 

From the qualitative standpoint, the phytoplankton of soft water 
lakes is characterized by the presence of relatively large numbers of 
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deemide. These forms are frequently found in the plankton of hard 
water lakes also, but not in such relatively large proportions nor in 
such vai-iety of species. Staurastrum is almost the only desmid that 
ie found in the plankton from hard water lakes, but usually several 
genera will be represented in catches from aoft water lakes. The 
more common forms are Micrasienas, Cosmarmm, Xanihidium, 
Staurastrum, Sphaerozoama, Hyalotheca, and Desrmdiu.m Stottras- 
trum, however, is usually the most abundant and a very large growth 
of this was found in Devils lake in WO?. It reached a maximum 
number of 176,000 per liter. Neither this nor any other desmid has 
ever been fotmd in such numbers in any other lake. 

Similar phytoplankton conditions have been noted by W. and G. S- 
West' in the soft water lakes of Scotland. These authors state that 
the phytoplankton of the Scottish lakes "is unique in the abundance 
of its Defimids. Ifo known plankton can compare with it in richness 
and diversity of Desmid flora." They also say that the common- 
est and most abundant forms are the Stauradrums. G. S. West' 
makes the statement that "Desmids thrive beet in soft water, and they 
are most numerous in peaty water which has a trace of acidity." The 
observations on Wisoonsin lakee fully confirm two of these points, 
that is, that deemids thrive best in soft water which gives an acid 
reaction owing to the preseoioe of free carbon dioxid, but whether the 
water is peaty or not does not appear to make any difference. In 
fact the largest numbers have been found in Devils lake where the 
water has no trace of peaty material. 

The preemce of nitrites or nitrates is of vital importance to the 
phytoplankton, also, but so far only a very few quantitative determi- 
nations of these compounds have been made. So it is impossible to 
say at present what role they may play in determining the scarcity or 
abundance of these organisms. Likewise it is probable that other sub- 
stances which are in solution in lake waters, may affect these micro- 
organisms more or less markedly hut no investigations along this line 
have yet been made. 
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A geoeral investigation in a new field, audi aa that reported in this 
paper, is sure to suggeet numerous problems which it doee not answer. 
This study is no exception to tte rule and one of its interesting feat- 
urea has been the number of unsettled questions which have arisen 
during its progress, some of which are of great importance in limnol- 
ogy. The data which we have accumulated in the course of a general 
study are insufficient to answer them. We must be satisfied with 
mentioning them and are quite content if our study offers a fairly 
secure general basis of fact for these more special inveetigations. 
Since these phenomena of lakes are not peculiar to Wiaconnn and are 
so important as to be well worth the attention ^f other students, it 
seems advisable to summarize some of these questions, although most 
if not all of them have been mentioned in tbe course of the report 
These problems are, in general, of two typee: (1) Those which orai- 
cern the establishment of details of quantity and time in the processes 
of gaseous e^ichange in the lakes; (2) Those which concern the physio- 
logical origin and significance of these processes. Many questions, of 
course, involve both lines of study, as will appear in the following 
statement. 

Among problems relating to oxygen may be named ; (1) The diur- 
nal variation of the oxygen supply in the zone of photosyntheeis. Our 
studies failed to disclose a daily pulse in the oxygen, but theoretically 
the supply of this gas must decline at night and be renewed by day. 
Perhaps more detailed study and more delicate methods may show 
that there are measurable variations ; and if present they should give 
a clue to the rate of the processes of respiration and decomposition in 
the open water, (2) The causes of the frequently observed rapid de- 
cline of oxygen in the thermocline region. These sometimes lead to 
its extinction there while still present in considerable amount in the 
wafer below. This is one of a whole group of questions relating to 
decomposition and other factors concerned in the oonaumption of dis- 
solved oxygen. (3) The sunlight in the zone of pbotosyntbeBis offers 
numerous problems both quantitative and qualitative; the relaticm be- 
tween transparency and color of water and the depth to wWoh photo- 
snythesis may extend ; the relation of light oonditdons to lie rate of 
liberation of oxygen by ohlorophyl-bearing organiema, and eepedally 
the rate of liberaticm and acoomulation of this gas in the excess oxy- 
gen stratnm ; the factors, whether due to light or other causes, which * 
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&x a lower limit of depth for the manufactiLre of excess oxygen; Hm 
position of aggregations of algae in the water with refermoe to the 
place of the stratum of maximum oxygen. (6) Tbe question -needft 
further study, whether the oxygen liherated by plants growing cm the 
bottom may produce a supersatnration in a Btratom <Kf water extend- 
ing across the limnetic region. (6) The striking decline of ox^;en 
in autumn needs careful study, boih as to the amount of the decline 
and the frequency of its occurreuce, as well as in regard to its oausee. 
(7) The rate at which oxygen may be absorbed irom. tlie air and iiio 
rapidity with which it may be circulated to tlie deeper water should 
be determined in detail. 

There is an equally large number of unsettled questions relating to 
carbon dioxid. Several of the problems suggested above might be at- 
tacked from the side of the carbon dioxid as welll as from that of 
oxygen and probably would be studied from both sides. There should 
be, for instance, a daily variation in the carbon dioxid of tlie zone of 
photosynthesis, in a reverse direction to that of tiie o^gen. Among 
other questions may be named: (1) The quantity of carbon dioxid 
absorbed by the lake from the air, compared with that received from 
other sources; the effect of the quantity of dissolved carbonates on 
this absorption. (2) The relation of the quantity of algae and that 
of carbon dioxid available for tbem ; or, in other words, the optimum 
supply of carbon dioxid for the algae and the part played by the bi- 
carbonates in fiimishiug it. (3) The decrease of fixed carbon dioxid 
immediately following the thawing of the lake is a phenomenon whose 
causes are still unknown. Nor is it known how widespread the fact 
is, since it has been studied only in the hard water lakes of the south- 
eastern district. (4) The sourcee of the supply of carbon dioxid 
needed to furnish the oxygen liberated in the excess oxygen stratum 
are still largely unknown. There does not seem to be at hand a sap- 
ply suffici^it to furnish so much oxygen as is found. Nor is the rate 
of supply yet correlated with that of liberation of oxygen. (5) The 
water below the thermocline contains so much free carbon dioxid that 
it is difficult to see how carbonates precipitated from th,e opilinmi<a> 
can readi the bottom undissolved. May these carbonates originate in 
those deposited in or on bottom plants near the shore and brought out 
into the limnetic region by fall storms ! This leads on to tJie much 
discussed question of the formation of marl in lakes, on f^ioh perhaps 
the last word has not yet been said. (6) If carbcmates are prenpi- 
tated from the epilimnion, as aeons to be the case, why is ihere not 
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more frequentl; an accumulation of them just below the thermodme, 
where free carbon dioxid is first found ! The reduction of these aub- 
stances in the epilimnion is a r^ular pbeaomenon in all hard water 
lakes, but there is ruely observed an amount belov the thermodine, 
in ezcees of that in water somewhat lower down. (7) The relative 
Tolee of the biearbonates of calcium and ma^esium in supplying caj~ 
bon dioxid for pbotosynthesis need study as well as the vertioal dis- 
tribution of these substances in the laka 

Still another most important set of probleme associated witih those 
of the gases concerns the organic substances dissolved in the water ; lihe 
relation of these Bubstances to the reduction of oxygen in various 
strata of the lake and at particular times, such as the fall overturn. 
These questions, almost wholly untouched as yet, are an important 
part of the great completx of problems offered by the annual cycle of . 
life and deatli in the lake, of which the problems of dissolved gaaee 
and of the lake's reepiratioii are also a part 
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EXPLANATION OF TABLES SHOWING DISSOLVED 
GASES. ■ 

In these tables, D = depth in meters; T = t^nperature in d^rew 
centigrade; C = free carbon diozid, the minua aign indicates tlmt 
the water was alkaline, and the plus sign that it was acid to phenol- 
phthalein ; N = neutral ; Cb = fixed carbon diozid ; O = osygen ; and 
N = nitrogen. The results for the gases are givfm in oabio oenti- 
meters per liter of water, at a temperature of 0° C. and a barometric 
pressure of 760 mm. The district in which the lake is located is in- 
dicated by N. E., N. W., and S. E. 

In some instances the lower water, especaally at the bottom, is as- 
signed an amount of gas in the nitrc^n column in exoees of the 
quantity of nitrogen which could be derived from the air. In a few 
of these cases the excess may be nitrog^i derived from the ground 
water, but more frequently it is due to the presence of some methane, 
which was not separately determined. 
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EXPLANATION OF FIGURES SHOWING DISSOLVED GASES. 

The curves in the accompanying figuree showing the results of the 
gas determinations are designated as follows: C^^ carbon diozid, 
that portion of the curve to the left of the zero line indicates n^ative 
carbon dioxid or alkalinity and that to the ri^t is free carbcna dioxid ; 
Cb = fixed or carb<«ate carbon dioxid; 0^^ozy^;eii; N^ nitrogen; 
and T = temperature. The vertical spaces represent the depth in 
meters; the horizontal spaces show the cubic o^itimeters at 0° and 
760 mm, per liter of water in the curves repree^iting the gases and 
the degrees centigrade in ^e temperature curve. In designating the 
fixed carbon dioxid in the hard water lakes, the numeration in the 
horizontal acale has been interrupted in order to avoid mating the 
digrams too large. In such caaee the figures for fixed carbon dioxid 
have been placed on a line slightly higher than that to the left in 
order to show the interruption. These raised figures pertain only to 
the fixed carbon dioxid. In the curves, the depths at which observa- 
tions were made are indicated by small circles. The lines mating 
up the curves have been drawn directly from caie point of observatJMi 
to the next without any attempt to round off the curves. With the 
first diagram for each lake there are given the following facts regard- 
ing the lake: The district in which it is located (northeastern, north- 
weatem, or southeastern) ; the length in km. = L ; the direction of 
the long axis (N — S, etc.); the greatest breadth, measured about 
at right angles to L, ^ B; the maximum depth is given approximately 
by the diagram. 
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falriT laiia at tte bottom. Se* p. B. 



dbjGoogle 



INLAJfD hAKEB. 



« 


_ II 14 11 » 4 41 


^% 5 


r 


■ 4 L 








1 






r 






■^P<^^ 




-7 t 




I dt 




. ^ it 





tig. tt.— aarrto lak*. loutlwutem WlMonilii. (L. 
O.e km., N-8; B. OB kni,) W*T «, IMK 
Shorn ■ «*D daOiwd stace ot lumiiiec aondl- 
tlona al thit larlr diu. Bn p. tS. 



















1 


4 


f 


1 t 


', 


.' 


* I»l» « «t 44 41 41 H 


e 

























t\ 








































1 


































































i 












/ 


















\ 












> 






^ 
























'■ 


>J 


< 


■' 






r 


' 
















N 
















> 




/ 






















1 
















^ 
























\ 
















/ 






~* 


■~. 




















^_ 












/ 































Pig. 60.— Oarvbl lake. JiiDV W. IMA. Compart witb Oc. 49. Nota tba Inonaw in 
altallidtr Id the upper Tatar; la the lower. Um dfsnaae of oitvsq and tb« in- 
ercaM ol Irce aod Sited earboD dloxld. 



"FfT 


1 1 te 


H r , 


1 la n 14 14 


+ 








_i_ 




lI 




\ 




r_ 








t i- 


^ ^ 


1 ^ 


■-^ ^-*^ 


i- 






^^ ■■- 


-.^^ t 






^-- 


s^ 








^^"~-- 


i 






/ '^s 





Id tbe lower ■ 



dbjGoogle 



DIAGRAM S~DiaBOLYSD QABBB. 































































j 




■ 




1 




















1 










/ 






■* 


! 










/ 








- 


H- 








,. 








* 






/ 






















s 


1 


-- 


r' 




■- 


- 


- 


^ 


- 












" 






















































H 








•• 














- 




- 




► 






__ 


- 


\ 


" 




ii 


- 


• 










s 




- 


- 


■ 


_ 


A 


^ 


1 


r 




I 


o 


-T 




- 


s 


7 


^" 




s 


^ 


I 


il 


- 


_- 


-^ 


/ 




- 




- 


1 



' 1 1 




i4^ -1- 


li _ 




-f - 

1 


=-1-1 r 


1 / 


s -1-1- h - 




s^u.^i:. 


f - 


" 1 




- { 












= ^3±L 






:_- IJa 




]' ' 




1' ' 




"S^ ' 




:--^ku 


J 


i 



dbjGoogle 



mLJJID LAKBB. 













1 


• 


1 


4 


• 


4« 41 44 
i • 11 » 


• 


1 


III M II 




o 






0; 














Bb T 








































































^ 


















/ 














. 


^ 


' 












































V 














\ 








^ 
















s 


















. 




/ 




























f 


' 


"* 


V, 


/ 
















A 






































N, 






















































, 




















\ 







































g. H,-Knlghti ]sk«. BoiithfaBtfra Wfacomln. (L. 0* km.. E-W,; B. O.a 
km.) Augiiit ai, luoa. Hate tbt comlation In dCDth betWMO tbe «x- 
cna ox7K«i BDd the Incnaied Blkallnlti. Tbe lake ncelvei ■ lus* 
smDUDt o( groond wiler wblch grtstlj Inflanicef the ■ • -* 





4 










1 




1 


t 


< 


1 


■ tl tt 14 


II 


41 4 


4 


4 


4 


II 11 








a- 








« 














T 






M 
















1 




















/ 








1 
















1 








■ 












/ 








\ 














^ 










' 


-.. 


- 


. 




^ 








. 


* 






























> 








, 




/ 














'- 




.. 


.. 








^ 






" 


-' 








" 


-— . 


. 
























1 






















\ 




















S 






































































\ 
































































\ 


























\ 




















s 



























■ -»ni — - 



« with He UL Bca p. 81. 



dbjGoogle 



DIAORAMB— DISSOLVED OAaSS. 















1 • < 


n 


1 14 !• II tl It 14 tl 








lo 








!e 
















/t 








1 


Ob 
























! 
















/ 


































K 








































•* 














" 


-e 


.. 


., 


f- 








^ 


^ 




































^ 


' 






■. 




^ 
























- 


- 




" 


.- 


'? 




• 


































/ 




































'> 




































































































\ 






































































































V 





















































FU- M.— KaTflbti Uke. Anpist IB. 1»N, Compare with Oga. 4* and B5. Note ttte aon 
In dopth at biBb alkiUnlti. eicen ozysan. imd drcmse of flicd euboD dioild. 
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Fig. ST.— Ot»r liM. Hiuthcaeleiii Wlscoagln. (L. 0^ NE-SW.; 
B. .01, km.) Julr 8. IMS. Note tbe tsrxf OTygen In ttw nppn 
part ol tbc tbnmoeUne: alao tbe pecuUai dlitiibatlon of Uie 
Hied parboQ dloild. Tba lake recelm ■ lam amoont ol 
ground water whkh tnfluencei Uie tempraaton of tbe lowar 
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depth between tbe eiceu oxyien and tbe decieaw In tba ' 
IbMd eaibon dloild. See Bs. ET and t<xt p. 81. 
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Tit. »■— OtUr Uka, Jo)* 17, IfiDO. Oompare wltb tg. 3t and 
note tbe IncnaH In tlw alkalliiltr ol tin nppa waUr. Ob- 
aerre alao tha decraaM ot fliad carbgn dioxld In tb* 
aplUmnlon and Ita loetaaaa at Sm. Bc« p. 81 
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FIC «.— Otter laka, Aorut It, tSOt. 8aa flfa. » and «k 
and obanra tba deralopmant ot tba ootdi In ttaa Sttd 
carboD dloild curve wbleh la eonrtatad In depth wfth tht 
exsaat oxyso. 8aa p. n. 
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Fig. «.— Allequuh lakt. 
Wlacoiuln. (L. £.4 km., NE^SW: B. 
1.4 km.) AuiU9t SO. l«n. Otaerra 
th« mBrktd iDcreait at ti«e and flxad 
farbon dJodd Id Eba boUam vatar. 



C. OB.— Dnita lake. Bepwmber 19. U08. Late 
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n, and p. 18G. 
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aln. (L. 5.i km.. NE-8W: B. 4.0 km.) 
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Wig. 109,— Balnbow lake, BeptemtMr 9 
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Tl>. 110.— B>u lake (HlnocQua). northeait- 
em WlicoEUiD, (L. O.S km., HE-SW; B. 
O.S km.) SepUmber a. IKS. Note tlia 
■man ■mount ot flxed carbon dloild. 
Sbowi onllorm condition! cbiirictcrlitia 
Of B BbsUow take. f\ii. S2-8S. 16-TI. 
and 110 inuatrata nunmer eoDdltloni In 
ibRllow likea, ruulUK trom tboie In 
vblcb drculatlon 1i eomptet« to thoae 
which poasfBs i mil deSned tbermo- 
eUae but no IiTPOllmnloD. 
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nc. 111.— Addalda lake, DortbCMtem WU- 
couilu. (L. O.B km., K-S; B, 0.1 km.) 
Auguat 10, 190T. A imall. lalilr Oe&p 
lake eltuited In tiM midit ol a tonat. 
OnlT ■ thin Dpper •tratnm of watar 
via dlatoibed bj the wind and Morae- 
tlon cumnti. 
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FIs. UK.— Tippecanoe Ikke, Indiana. (L. t.O km.. NW-8E: 
B. 0.0 km.) Bepl«Dbtr 17. ISOt. Vatt tbe abnoat total 
dliappfaraaos ol oijgea in tbe thennocllne and tbc In- 
creaee belon. Bee Ogt. W, 17. 9t, 88, and 100. Be« text. 
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EXPLANATION OP FIGURES SHOWING VERTICAL DISTRI- 
BUTION OF PLANKTON ORGANISMS. 

In figures representing tlie distribution of the plankton oi^^isms, 
the A-ertical spaces show the depth in meters ; the curves to the left of 
the zero line indicate the niiniher of crustacea, naiiplii, and rotifers 
per liter of water, while those to the right show the number of algae 
per liter. The eiirve marked C ^= crustacea, N = nauplii, K = roti- 
fers, 1) = diatoms, and A ^ all other algae. The small circles show 
the dejiths at which observations were made. The column of figures 
at the right margin marked T indicates the temperature of the water 
in d^rees C. and that marked O showB the number of cc. of osjgea 
per liter of water at the various depths. The diatoms found in the 
varioiis lakes are almost entirely colonial forms and no attempt has 
been made to indicate the number of individuals in tbeee colonies. 
The curves, therefore, show only the number of colonies. Also, such 
forms ns Ceratium, Uroglena, and Dinohryon have been included in 
the curve showing "all other algae." 
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rts. lia.—ClatTlbntloii ot plankton omnlfmi tn Pine Ul» (5nr Antmn). 



Angmt n, W7. Sealt, I nrtlMl ipMa s 1 m.; 

*iiil no Rigu and lUatomj. Tbe Dumba of rott-- 
"■"""""'" and OtcIom. Step. 119. 
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Hb. IIT.— vertical dlitrJbutlon ol tbe plankton organlimi 
la Trout lakg. September T, IMS. Heiite, 1 boilEODtal 
■put TT B ciuBUceii. aaupUl, aad lotllen pai UHr ol 
water and WO algae and dlatonu. OKlllstorla WM tha 
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r IM. 
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It:, lis.— Vertical dflUIbntJan of pUukton orsMiIfini In Oimn Itks, July G, 1006. SesL.. . „_ 

tnutacM, DkapUl, uid rotitan mi Utm ot wata uid W bIc» *Dd diatomi. Bj'nsiba wu tli> b 
nant diatom; Folyartlia irai \ij tar tlia moit abniiduit rotlfn; and Dtaptomui wai tbe pndomlnai ' 
cean. Note tbe imall amount and unlttnm dlitrlbntlOB ol M^HkMa bdow Dm. Baa p. llT. 
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source of, 00. 
Big Butternut lake, alkalinity of, 70. 77. 

diagrams of dissolved gases, 185. 

observations on, 166, 167. 

oxygen in, 40. 
Big OaiT lake, observations on, 160. 
Biggs on exygen in sea water, 63. 
Bird lake, otMervations en, IM. 
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Black Oak lake, diagram •f dissolved 

gtaei, 218. 
Black sea, oxygen in, SI. 
Bodensee, flO. 
Boiling, method ot, 6. 8. 
Bomtmo, 118, 131. 

Bottom, decomposilioD at, 30, 48, 49. 
Bottom water, absence of oxygen in, 46. 

deoraaae of oxygen In, 30. 

temperature or, 27. 
Bureau t>( Fisheries. U, S. 3. 



Oaloium. 107. 

in Bass lake, 107. 
in Beasley lake, 109. 
changes In, 07. 
decrease in epilininion, IQ 
in excess oxygen stratu: 
distribution ot. 100-106. 
increase In hypolimnion ii 



mud. ' 



I, 171. 



in Nonh lake, 107. 

in Otter lake, 109. 

ratio lo magnesium, 10f>. 

removaj from epilimnion, OS. 

solubility of normal carbonate, 64. 

See table of analyses, 170. 
Candona in absence of oxygen, 1S4. 
Carbonates, precipitation in aea water. 






60. 
Carbon dioxid. absorpi 
in air, 64. 
amount of HxeU. 70. 
in Beasley lake, 79, SO. 
calculation of results, 23. 
consumption by algae, 91, 114, 115. 
in Cook lake, S4. 
effect of circulation on, 33, 71. 
effect of veraal overturn on, 80. ■ 
fixed or combined, 65, 67, 

decrease in epilimnion, 67, 81. 

and excess oxygen. 81. 

in Garvin lake, 81. 

in Green lake. 81. 

in hard water lakes, 81. 

increase in hypolimnion, 07. 81, 

in Knights lake, 81. 

in Long lake, 81, 84. 

in Mendota, 65-09. 

in North lake, 81, 

in Otter lake. 81. 
free, 70, 76, 77. 78, 87. 

in Keasley lake, 79, 80. 

in Qarvin lake, 80. 

in Grosser Ptoner See, 88. 

in hypolimnion, 80. 

in hard water lakes, 78. 

Enudsen on, 134. 

in honif lake, 79, 87. 

in medium water lakes, 77. 



in Headota, 70-74. 
in North lake, 79. 
in soft water lakes, 76. 
in spring, 79, SO. 
in Waupaca lakes, 87. 
half bound, OS, 60, 85. 
and algae, 6S. 
Saiseron, 23. 
and photosynthesis, 70. 
removal of, 71. 
in hard water lakes, 7S-S8. 
in Holem lake, 04. 
in Maiiakuokee lake, 03. 
in medium water lakes, 77. 
in soft water lakes, 70. 
method of determining, 21. 
and oxygen, relation between, 91. 
production by living organisms, 135. 
quantity available, 135. 
in rainwater, 64. 
Seyler on, 21,33, 70. 
solubility ot, 35. 
in Tippecanoe lake, 95. 
in various lakes, 75. 
See tables. Appendix I and diagrams. 
Carbon monoxid, 101, 114. 
Card, record, 24. 
Oartx, 71, 

Caspian sea. oxygen in, 60, 
Catherine lake, observation on, 164. 
CAaetonofu4 in absence of oxygen, 124. 
Ghara. analysis of, 68, 71, 171, 

in Otter lake, 54. 
Ckironomus under anaerobic conditions, 

124, 137. 
Chlopin on comparison of methods, 13. 
Chlorin, 109. 

vertical distribution of, 110. 
8m table of analyses, 170. 
Ckydanu. 121, 

Circulation, autumnal, effect on carbon 
dioxid, 71. 
in Mendota, 28. 
and distribution of organisms, US. 
effect on oxygen, 49. 



1 epili 



I, 37. 



Beasley, 
effect on dissolved gases, 38. 
in large lakes, 49. 
in Mendota, 27, 3fi. 
in small lakes, 48. 
Cladocera in water poor in oxygen, 121. 
Clear lake, alkalinitv of, 76. 
analysis of water, 170. 
diagrams of dissolved gases, 200, 
observations on, 160. 
Clear Crooked lake, observations 
Clows on oxygen in sea water, 03. 
CooooD oiOyelcpi biempidatut, 124. 
Vottpt in absence of oxygen, 123, 
Colpidium in absence of oxygen, 1S3. 
Cook lake, carbon dioxid in, 94, 
diagram of dissolved gases, 321. 
oxygen in, 94 
Oopepoda in water poor In oxygen, 121 



164. 
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Oorithra larvae under anaerobic condi- 

tioDB, ItO, 122. 
diurnal migration of, 1S2. 
Comeoej/eia* idaAoennt under anaerobic 

conditions, 124, 137. 
Coimarium, 138. 
Crawling Stone lake, obaervationa on, 

16S. 
Orittiromer namayeutk in Trout lake, 

117, 130. 
Oronheim I'n tenax apparatus, 10. 
Crustacea, aerreEationi of, 224, 227, 248, 

249. 
Currents caused by wind, 27, 28, 

and excesE oxygen, 51. 

in Mendota, 44. 
Cvelopt, 117, 118. 
Cj/ciopt bicu»pidaluM under anaerobic 

conditions, 121. 
pupation of, 124. 
Cyclop* io water poor in oicygen, 121. 



Daphne hyahrm, 117, 121. 
Daphna puUz, 121. 
Daphne retrocurva, 1J21. 
Decomposition, 113. 

in autumn, 40. 

in Beasley, 79. 

at bottom, 30, 48, 49. 

consumption of oxygen in, 134. 

in deep lakes. 137. 

effect of temperature on, 49. 

in hypolimnion, 47. 

and molhane. 101. 

and oxygen, 92. 

in shallow lakes, 137. 

sources of material for, 47. 

in winter, 30. 
Delebecque on diatoms, 110. 

on dissolved oxygen, 61. 

on waters of French lakes, 110. 
De*midwm, IBS. 
Desmids, West on, 138, 
Devils lake, alkalinity of, 76, 

analysis of water, 170, 

diagrams of dissolved gases, 200, 
201. 

observations on, 146. 

phylopl-inkton in, 136. 
Diagrams, discussion of. 110. 

showing distribution of plankton, 
224-249. 
dissolved ga«es, 174-222. 
DiaphanoBoma, 121. 
Diaptomui, 117. 

in water poor in oxygen, 121. 
Diatoms in autumn, 39. 

in Big Butternut lake, 77, 

Delebecque on, 110, 

effect on silica, 105. 

in Knights lake, 54. 

Id lake Mendota, 119. 

in Silver lake, 54, 



Diemer on methane, 98. 

Diffiugia in absence of oxygen, 123. 

Dissolved gases, diagrams of, 174-232. 

tables of. 144.169. 
Distribution of plankton, 116, 120. 

diagrams showing, 324-249. 
Dost on dissolved oxygen, 17, 
Drown on ammonia, 74. 

on dissolved oxygen, 80. 



Kktnan o 



carbon dioxid of lea waMr, 



»2. 

on dissolved oxygen, 63. 
Elkhart lake, analysis of water, 170. 

diagrams of dissolved gases, 213, 

observations on. 146. 

plankton of, 117, 

plankton diagrams, 228, 229. 
Ellms on methods for carbon dloxld, 21. 
Environment, arlJBcial, 128, 129. 

natural, 128, 

variations la 113. 
Epilimnlon, acidity of, 76, 79, 86. 

alkalinity in Mendota, 71-74, 92. 

calcium in, 108. 

circulation in, 37. 

convection currents in, 37. 

cooling of, in autumn, 39, 

decrease of carbon dioxid in. 67, 81. 

defined, xi, 

oxygen in, 37, 38. 

phytoplanktou in, 13Q. 

removal of calcium from, 68. 
Excess oxygen. See oxygen, excess. 

Pence lake, observations on, 16S. 
Fisheries, U. 8. Bureau of, 3. 
Fishes, effect of low oxygen on, 129, ISl, 
133. 
effect of nitrogen on, 134, 
plankton as food for, 132. 
resistance to lack of oxygen, 129. 
vertical distribution and lack of 
oxygen, 131. 
Fish Trap lake, observations on, 104. 
Forbes on Cyelop* bieutpidatut, 126, '^ 
Forel on water of Geneva, Switzerland, 

110. 
Formates, 75. 
Fragilaria and silica, 106. 
fuTidultit heleroclitiit, resistance to lack 
of oxygen, 132. 

Garvin lake, analysis of water, 170. 
decomposable material iD,'79. 
diagrams of dissolved gas«8. 194, 

195. 
fixed carbon dioxid in, 81. 
formates in, 75. 
free carl>oD dioxid in, SO. 
methane in, 101. 
observations on, 147. 
oxygen in, 46. 
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Gases, dissolved, diagr&ms of, 174-322. 

number of determinations, 3. 

tables of, 144-1S9. 

8te c&rbon dioxid, oxygen, nftrogen, 
etc. 
Oeoeva lake, Switzerland, dissolved 

gases in, 61, 62. 
Geneva lake. Wis., analysis of water, 
170. 

diagrams of dissolved gases, 100. 

observations on, 147, 146. 

osjgen in, 46. 82. 

plankton of, 117, 118. 
diagram, 230. 

quantity' of phytoplanlctoa, 136. 
Oill on dissolved oxygen. 17. 
Gorbam on effect of nitrogen, 134. 
Green lake, analysis of water, 170. 

Crustacea in, 117. 

diagrams of dissolved gases, 18S- 
189. 

fixed carbon dioxid in, SI. 

free carbon dioxid in winter, 78. 

observations on, 146. 

oxygen in, 46, SO, IIS. 

plankton diagrams, 226, 227. 

quantity of piiytoplankton, 130. 

whiUiiah in, 117. 
Grosser P15ner Bee, free carbon dioxid 
in, 88. 

oxygen in, 60. 
Ground water, bicarbonates in, 00. 

carbon dioxid in, 88. 

nitrogen in. 07. 

as source of bicarbonates, 00. 
Oyroeorii in absence of oxygen, 123. 



Halbfaaa on dissolved oxygen, 60. 

Hall, E. B., viii. 

Hall, R. D., viii. 

Hammilla lake, alkalinity of, 76. 

diagram of dissolved gases, 109. 

observations on, 168. 
Hard water lakes, tlxed carbon dioxid 
in, 81. 

free carbon dioxid ia, 78. 

Bee also Mendota, etc. 
Heliotropism. Loeb on, 128. 
Holland- Hansen on dissolved oxygen, 63. 
Hofer. 134. 
Holem lake, carbon dioxid in, 04. 

diagram of dissolved gases, 230. 

observations on, 160. 

oxygen in. 04. 
Horton »n dissolved oxygen, 50. 
Hiifner on diffusion of oxygen, 60. 
EycUotheea. 138. 
Hydrogen, 102. 
Hydrogen sulphid. 61, 102, 114. 

Hason od, 102. 

methods ot determining, 103. 
Hypolimnion, acidity of, 72, 70, 80, 86. 

defined, xi. 

free carbon dioxid in, 80. 



1 Rxed carbon dioxid in, 
81. 
thickness of, 46. 



Ice on Uendota, 26, 20. 
Indiana, lakes In, 93. 
iToa, 107. 

8tt table of analyses, 170. 
Island lake, observations on, If 



170. 

diagram of dissolved gases, 217. 

observations on, 140. 
Kemmerer on formates, 75. 
Einnicut on carbon monoiid, 102. 
Enauthe on excess oxygen in winter, 60. 

on oxygen and tlsh diseases, 133. 

OH tenax apparatus, 10. 
Enights lake, analysis of water, 170. 

calcium in, 100. 

diagrams of dissolved gases, 196, 
107. 

diatoms in, M. 

excess oxygen in, 52. 

flxed carbon dioxid in, 91. 

observations on, 149. 

plankton diagrams, 240, 247. 
Enudsen on source of free cartwn dioxid, 

134. 



Laerymvfia in absence of oxygen, 123. 
Lake Mendota. Set Mendota. 
Lake water, source of, 80. 
Lakes, deep, paucity of phytoplankton 
in, 136. 

depth of, 3. 

effect of size on phytoplankton, 137. 

hard water, 78. 

location of, 1. 



mediui 



■, 77. 



number of, 1. 
oxygen in shallow, 44. 
Pommeranian, 60. 
Scottish, phytoplankWn ii 
-■-eof, 3. 



soft V 



■, 76. 



liable carl}on dioxid in, 135. 
phytoplankton of. 137. 
spring fed, 00. 
Laura lake, observations on, 165. 
Leaves in Garvin lake, 70. 
Leavitt on half-bound carbon dioxid, 23. 
Lebedinzeff on dissolved oxygen, 00, 

61, 68. 
Lenber, V., viii, 08. 
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Ltv^riehthyt riteo, effect of laoV of oxvren 

on, 133. 
Ltomoirilut in absence of oiynn, 124. 
Little SiBHabagamftlftke, alk&linlty of, 70. 
Little Trade lake, diagram of dluolved 

eues, 201. 
Little Trout lake, observations on, 1 
IiOeb on heliotropiam, 128. 
Long lake, analysis of water, 170. 

diagrams of dissolved gases, 211, 
213. 

fixed carbon diozld, 81, 84. 

free carbon dioiid in winter, 78. 

free carbon dioiid in 1000, 87, 

otwervations on, ISO, ISl. 

oxTgen in, 58. 
Lord on disaolved oxygen, SB. 
Lost Canoe lake, observations on, 166. 
Lota maeuhta, 123. 

Lower Bass lake, observations on, 166. 
Loxoda in absence of oxygen, 123. 
Loxop/ij/Uum in absence of oxygen, 123. 
Lunt en saturation with oxygen, 19. 



(vgen in autumn, 39. 



]S4. 



Magnesium. 107. 

in Baaa lake, 107. 

in excess oxygen stratum, 82. 

In Hendota, dS. 

in mud, 108, 171. 

in North lake, 107. 

ratio to calcium, 100. 

solubility of normal carbonate, 64. 

vertical distributioB of, 100-100. 

See table of analyses, 170^ 
Marl lake, diagram of diasolved gases, 
100. 

observfttioos on, ISl. 
Harsh, C. D., on Oyctopt bieutpidattu, 
Z:z. 125, 126. 

Harsh, H. C, on effect of nitrogen, 134. 
Mason on hydrogen auiphid, 102. 
Massachusetts water, ISfl. 
Material, organic, in mud, 30. 
Haiinkuckee lake, carbon dioxid of, 93. 

diagram of dissolved gases, 221. 

observations on, 169. 

oxygen in, 03. 
Mendota, alkalinity and excess oxygen, 
02. 

analysis of mud, 108. 

analysis of water, 170, 

area of. 20. 

area of drainage basin, 28. 

autumnal circulation in, 28. 

calcium in, 65. 

carbon dioiid in, 128. 

carbon monoiid in, 102. 

changes in oxygen under ice, 31. 

ciroulation in. 27. 36. 

currents in, 26-28. 

decline of alkalinity, 73. 



Diaptomnt in, 110. 

diatoms in, 110. 

distribution of plankton in, 118. 

in autumn, 238, 239. 

in spring, 231, 240. 

in summer, 232-237, 242-24S. 
effect of bottom water on flshei, 130. 
eicess oiygen in epilimnion, 38, 48, 

51. 



filed carboD dioxid in, 65. 

in spring, 67. 

vernal decrease of, 67. 

in winter, 66. 
free carbon dioxid in, 70. 

in autumn, 74. 

in spring, 72, 80. 

in winter, 71. 
half-bound carbon dioxid, 60. 
a hard water lake, 78. 
increase of oxygen in autumn, 40. 

in spring, 34, 
magnesium in, 65. 
methane in, 100, 128. 
observations on, 152-160. 
overturn, autumnal, 28. 

vernal, 26. 
oiygen in autumn, 30. 

excess, 38, 43, 51. 

under ice, 31 

in spring, 33 

in summer, 36. 

in winter, 29, 42. 
diagrams, 174, 176. 

in 1Q05 and 1007, 41, 42. 
photosyntbeBia in, 31, 43. 
plankton of, US. 
plankton diagrams, 231-245. 
temperatures at different seasona 

26-29. 
thermocline in, 27. 
vernal circulation in, 3S. 
Methane, 97, 114. 
amount of, 101. 
in Beasley lake, 101. 
Diemer on, 08. 
in Qarvin lake, 101 . 
in Mendota, 100, 128. 
method of determining, 98. 
production of, 97, 101. 
vertical distribution of, 101. 
Methods, accuracy of, 19. 

comparison of, for oxygen. 11-13. 
of determining carbon dioxid, 21. 

hydrogen sulphid, 108. 

oxygen, 5. 
boiling, 5, 6. 
titration, 11. 
Winkler, 11, 13, 16. 
Mohr, 11. 
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Mitaji^u Id absence of oxygen, 123. 

Uichener, G. R., viii. 

Minrtuteriat, 138. 

MicrooruBlacea, 117. 

Hineral analyaia of water, 104, 170, 171. 

Hlnaeuiiing Iftke. observatians on, 108. 

Hofjord. oxygen in, 63. 

Hohr. method of determining oxygen, 

Monat in absence of oxygen, 123. 
House lake, observations on, 167. 

oxygen in, 40, 
Hud, analyiis of. 106, 171. 
Huller on tenax apparatus, 10. 
Hyitic lake, 30. 



Magowioka lake, free carbon dioxld in, 
79. 

observations on. 157. 
Nantua lake, dissolved gases in, 61, 62. 
Nauplit. aggregations of, 122, 227, 235- 
237, 243, 244, 266. 

in water poor In oxygen, 131. 
Nichols lake, diagrams of dtasolved 
gases, 217. 

observations on. 16S. 
Nitrates, 111. 112, 114. 

and phy top lank ton, 133. 
Nitric acid. 113. 
Nitrites. Ill, 112. 114. 

and phyCopiankton, 13S. 
Nitrogen. 111. 

amount in waMr, 86, 07. 

diagrams showing, 174-177, IM, 307, 
200, 213. 

effect on fisties, 134. 

excess of, 06. 07. 

as food for plants. 111. 

in ground water, 07. 

in Otter lake, 07. 

solubility of, 25. 
Nitrous aoid, 113. 

Normal carbonates, precipitation of, 82. 
North, H. B.. viii. 
North lake, analysis of water, 171. 

calcium in, 107. 

diagrams of dissolved gases, 202-207. 

fixed carbon dioxid in. 81. 

free carbon dioxid in, 70. 

otttervations on, 158, 150. 

oitygen in. 48. 

variations in fixed carbon dioxid, 84. 
North Turtle lake, 123. 
North Twin lake, observations on, 105. 



Ash epidemic in. 133. 
free carbon dioxid In winter, 79, 
observations on, 160. 
Organic material in mud. 30. 



Organisms, production of carbon dioxid 
by. 135. 

vertical distribution of. 115. 
Otillat^ma, 118. 

zone of. 328. 
Ostracod, 121. 
Otter lake, calcium in, 100. 

diagrams of diuolved gas**, IK, 



198. 



I, SI. 



excess oxygen ii . 
hxed carbon dioxid in. 81. 
nitrogen in. 97, 134. 
observations on. 160, 161. 
Overturn, autumnal, in Beasley, 57. 
in Hendota, 28. 40. 
vernal in Beasley. 5S. 70. 

effect on dissolved gases, 33, 80. 
distribution of organisms. US. 

in large lakes, 49. 

in Uendota, 20, 33. 116. 

in small lakes, 24. 48. 
Owen lake, analysis of water, 171. 
diagram of dissolved gases, 315. 
observations on, 168. 
Oxygen, absorption with phosphorus, B. 

with pyrogallic acid, 8. f^ 

adding chemicals in Winkler meth- 
od. 16. 
average amount in spring, 34. 
in Beasley lake. 55. 
in Black sea, 61. 

boiling method for determining. 6. 
in bottom of small lakes, 48. 
calculation of results, 18. 
and carbon dioxid, relation be- 
tween. 91. 
changes in Uendota under ice, 31. 
comparison of methods, 11-13. 
in Cook lake, 04. 

correlation of excess with algae, 54. 
and decomposltio 
decrease of, ii 

in therrnocline, 60. 
Delebocque on, 61. 
distribution of fishes and lack of, 

131. 
diurnal variations in, 65. 
effect of drainage water on, 31. 
effect on fish diseases, 133. 
effect of weather on, 49. 
in epilimnion, 37, 38. 
excess. 01, 114. 

and alkalinity, 92. 

in Beasley lake, 103. 

and decrease of fixed carbon di- 
oxid. 81. 

diagrams showing, 191, 103, 190- 
200, 203. 

effect on distribution, 129. 

in epilimnion, 38, 43. 

in Knights lake, 52 

in Hendota, 31, 33, 51. 

in Otter lake, 52. 

source of, 51. 
exhaustion of, in hypollmnion, 47. 
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in a&rvln l&ke, U. 

ID Qenevft lake, 46, 03. 

In Qrwm Uke. 46, 60, US. 

in Orosaer Plnnsr Bee, 60. 

Halbfaw on, 60. 

H«11uid- Hansen on. 63. 

in Holem lake. 9i. 

Hufner on. 60. 

increue of, in autumn, 40. 

Knautha on, 60, 13a 

Lebedinzeff on, 60, 01, 63. 

in Look lake, 68. 

in Haziakuckee lake, 03. 

in Uendota. Set Meudota, oxygen. 

Mohr method for determining, 11. 

in North lake, 40. 

percentage of saturation, IB. 

In Peitowo lake, 61. 

Pettersson on, 19, 63. 

production of, 01. 

in Rainbow lake, 69. 

rate of decrease in hypolimnion, 49. 
of increase in autumn, 41. 
o( production, 98. 

removal of, S. 

reBistance of fishes to lack of, 132. 

in sea water, 62, 63. 

■ensltivenesl to lack of, 121. 

in shallow lakes, 44, 

solutions required for Winkler m»- 
Ihod, 13. 

and shallow water plants, M. 

solubility of, 20. 

Bpitta on, 17, 60. 

in spring, 34. 

table of saturation, 20. 

in Tippecanoe lake, 04. 

Winkler method of determining, 11. 

See tables oC Appendix I and dia- 
grams. 



Packard on resistance of fishes to laok 

of oxygen, 132. 
Palmer on dissolved oxygen, 69. 
Paramscium in absence of oxygen, 123. 
Parker on Massachusetts water supplies, 
136. 
on saturation with oxygen, 10. 
Ptbm^xa in absence of oxygen. 123. 
Peraruma In absence of oxygen, 133. 
Parea Jlaeeteetu affected by lack of oxy- 
gen, 130. 
Pestowo lake, oxygen in, 61. 
Petlenkofer method of cletermining car- 
bon dioild, 21. 
Pettersson on carbon dioxid of sea water, 
92. 
on dissolved oxygen, IB, 63. 
PAdlodina in absence of oxygen, 124. 
Phosphorus for removal of oxygen, 8. 
Photosynthesis and alkalinity, 72. 

ooDsumplion of carbon dioxid dur- 

inr 01. 
decline of. 



in epilimnion, 37, 136. 

and excess oxygen, 51. 

and half-lxiund carbon dioiid, 70. 

in Hendota, 31, 43. 
Phytoplankton in autumn, 89. 

and decomposition, 47. 

in deep lakes, 136. 

dia^ams of distribution, 224-349. 

distribution of, 115. IIB. 

effect of chemical conditions on, 135. 

in epilimnion, 136. 

ana excess oxysen, 51. 

and nitrates, 138. 

and nitrites. 1%. 

and nitroj^en, 111. 

of soft water lakes. 137. 

specific gravity of, 47. 
Pike lake, analysis of water, 171. 
Pine lake, diagram of dissolved gases, 
216. 

obBervatlons on, 160. 

planklozi of, 110. 
diagram, 224. 

quantity of phytoplankton, 136. 
Plankton, absence of, in bottom water, 
228. 

diagrams showing distribution of, 
224-240. 

distribution in autumn. 120, 236, 239. 
in spring, 118, 231, 240. 
in summer, 118, 110, 232-237. 242- 
243. 

in Elkhart lake, 117. 

as lish food. 132. 

method of taking catches, 6. 
Plants, shallow water, and oxygen, 54. 
Ploner See, 00, 88. 
Pommeranian lakes, 60. 
Pomoxia affected by lack of oxygen, 130. 
Pimtoporeia hogi, 117. 
Potamogeton, analyais of crust on, 08, 
171. 

in Mendota, 71. 
Physiology of lake organisms, 126. 
Potassium, 109. 

8m table of analyses, 170. 
Precipitation of carbonates in sea water, 

60. 

of normal carbonates, 82. 
Problems, unsolved, 139. 
Prorodon in aiMence of oxygen, 138. 
Prot«zoa under anaerobic conditions, 

123. 138. 
Pump, semi-rotary, S. 
Pupation of Cyeliypt bitnupidatui, 134. 



Raben on silica, 106. 

Rainbow lake, analysis of water, 171. 

calcium In. 108. 

diagrams of dissolved gases, 218, 
219. 

free carbon dioxid in, 79, 87. 

oliservalionB on, 161-163. 

oxygen in, 50. 
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Rainwater, free carbon dioxid in, 04. 

Record card, 24. 

Resi stance, tharnial, 27, 3S, 39. 

ReapiratioD, effect on oxygen, 30, 47. 

ReBultB, accuracy of, Id. 

calculation of, for carbon dioiid, 23. 
for oxygen, 18. 

Roacoe on saturation with oxygen, 19. 

Rotifers, aftf^eeatioDS of, 122, 226, 299, 
230, 237, 245-249. 
distribution of, 117, 
in water poor in oxygen. 322. 



Samples, carbon dioxid, titration of, 20. 

oxygen, titration of, 17. 

procuring, S, 14. 
Sanborn on carbon monoxid, 102. 
Sanitary analyses of water, 104, 111. 
Scott OD Gj/elopt Ueutpidatut, 126. 
Bcourfleld anCgclepi bictupidatv*. 120. 
Sea water, alkalinityof 92. 

Hxed carbon dioiid ill, 92. 

oxygen in, 02. 
Seyler on carbon dioxid, 70. 

on disHolved oxygen. 17. 

on method for carbon dioxid. 31, 2S. 
Shell lake, diagram of dissolved gases, 

217. 
Silica. 105. 

in Baltic sea, 100. 

in Beasley lake, 100. 

effect of diatoms on, 105. 

K&ben on, 100, 

vertical distribution of, 100. 

See tsbls of aoalyBeH, 170. 
Silver lake, alkaline stratum in, 78. 

diagrams of dissolved gases. 202. 

diatoms in, 64, 

plankton diagrams, 248, 24ft, 
Sodium 109. 

I'-" See table of analysea, 170. 
Soils of Wisconsin, fixed carbon dioxid 

in, 63, 
Solubility of gases, 25. 
^Sr of normal carbonates, 64. 
Solutions required for Winkler method, 

13, 
Sonden on dissolved oxygen, 1ft. 
Sphatroiotma., 138, 

Spirottomum in absence of oxygen, 123. 
Bpitta on dissolved oxygen, 17, 59. 
SprinK, oxygen in, 33. 
Springs, free and fixed carbon dioxid 

of, 88, 
BtauriutTum in Big Butternut lake, 77. 

in Devils lake. 138. 

in Pine lake. 117. 

in Scottish lakes. 138. 
Stentor in absence of oxyjfen. 123. 

in Beasley lake, 120, 123. 
Stratification, effect on distribution, 
113, 117, 119. 

effect on oxygen, 35,45,40. 

and pfaytoplankton, 130. 



Star lake, oltservatioBS on, 184. 
Sulphur, 110. 

i9^ table of analyses, 170. 
Summer, oxygen in, 30. 
Supersaturation, Ste excess oxygen and 

excess nitrogen, 
Bynedrm. 118, 

TabeUaria, 116. 

Tables showing dissolved gases, 144-169. 

mineral analyses, 170, 171. 
Temperature, effect On decomposition, 
49, 
n oxygen, 35, 36. 
Temperatures in Mendota at different 
seasons, 26-29, 32, 36, 39. 
See tables. Appendix I and diagrams, 
Tenax apparatus, 10, 
Tenderfootlake, observations on, 164. 
Thermocline in Mendota, 27. 
descant of, 39, 
effect of wind on, 37. 
establishment of, 35. 
Tide or Ix>st Canoe lake, observations 

on, 106. 
Tippecanoe lake, carbon dioxid in, 96. 
diagram of dissolved gases, 222. 
dissolved oxygen in. 94. 
observations on, 169. 
Tomahawk lake, diagrams of dissolved 



I. 317. 



, 165. 



Transparency and excess oxygen, 44, 52. 
Trout lake, analysis of water, 171. 
diagrams of dissolved gases, 214. 
observations on, 163. 
plankton of, 116, 117. 
diagram, 225. 
Trout, Mackinaw, 117, 
Ttibtftx in absence of oxygen, 124. 
Two Sister lake, analysis of water, 171. 
Ulva and half-bound carbon dioxid, 70. 
Upper Turtle lake, diagram of dis- 
solved gases, 201. 
Uronema in absence of oxygen, 123. 



Water, alkalinity of, 70. 61. 
bottom. See bottom water. 
drainage, density of. 31. 

effect on oxygen. 31, 

free carbon dioxid in. 72. 

substances dissolved in, 64, 90. 
ground, free and fixed carbon dioxid 
of 88, 

sub.ttances dissolved in, 64. 
hard, fixed carbon dioxid in, 31. 

free carbon dioxid of, 78. 

Sre lakes, hard water. 
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medium. See lakes, medium water. 
mineral analyses ot, 104, 170. 
■aoiUry analyses ot, 104, III. 
aea, alkalinity of, S2. 
flzed carbon dloild in, 92. 
oxygea in, 02. 
soft. 8m lakes, soft water. 
Waupaca lakei, carbon dioxld in, 87. 
Weather Bureau, U. B., S. 
Weather, effect on oiygeci, 49. 
Welth on waters of Bwlis lakes, 110. 
Wells, free and fixed carbon dloiid of, 

SB. 
West, O. B.. on desmids, 138. 
West, W. &. O. 8., OD phytoplankton ot 

Scottish lakes, 138. 
Whipple OD HassachuBetts water sup- 
plies, 136. 
OQ saturation with oxygen, 19. 
White Bogle lake, diagram of dissolved 
gases, 185. 
oxygen in, 46. 



Wbitflflsh in GrMii lake, 117. 
Whitefish lake, observations on, 160. 
White Band lake, observations on. 166. 
Wild Goose lake, alkalinity of, 70. 

diagram of dissolved gases, 180. 
Winkler, method of determining oxy- 
gen, 11. 

on saturation with oxygen, 19. 
Winnebago lake, 129. 
Winter, oxygen in, 29. 
Worms under anaerobic conditions, 124. 



XanihUMtm, 138. 



Zooplankton, aggregations of, 119, 123. 
distribution of, 119. 
exhaustion of oxygen by, 47. 
method of platting curves, 110. 
speoiflc gravity of, 47. 
withdrawal from bottom water. 119. 
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